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SOME THEORETICAL BASES FOR S E U C T I O N  O F  MOUCULAR 

I O N  PROPELLANTS AND A SURVEY OF MOLECULAR 

PLASMA C O U I S I O N  PROCESSES 

By John V. Dugan, Jr. 

Lewis Research Center 

SUMMARY 


The advantages of using heavy molecules as propel lants  for an electron-
bombardment ion th rus to r  are recounted. Fragmentation of molecules under elec
t r o n  impact i n  the  discharge chamber i s  a ser ious obstacle  t o  the  attainment of 
a heavy ion beam and is  discussed theore t ica l ly .  The nature of loca l ized  chemi
c a l  bonding i n  diatomic molecules i s  explained i n  d e t a i l  by use of t he  fami l ia r  
potential-energy curves. Polyatomic molecules with t h e i r  complex energy-state 
s t ruc ture  a re  discussed i n  an analogous manner, and t h e i r  possible  fates under 
e lec t ron  impact are enumerated with respect  t o  ion iza t ion  and d issoc ia t ion  phe
nomena. 

A procedure is  included t o  predict  ionizat ion cross  sec t ions  from atom po
l a r i z a b i l i t y  values. For sample heavy-molecule propellants,  t o t a l  ionizat ion 
cross sect ions should be at l e a s t  an order of magnitude l a r g e r  than for t h e  
mercury atom. 

A l l  co l l i s ions  of i n t e r e s t  i n  t h e  molecular plasma of t he  heavy-molecule ion 
th rus to r  a re  discussed including ion-electron recombination and ion-molecule re
actions.  Relative co l l i s ion  numbers of some discharge encounters have been es
timated fo r  representat ive residence t imes of t he  ion ic  species.  

Comparison of molecular bonding types indica tes  t h a t  aromatic organics are 
t h e  most su i t ab le  c l a s s  of readily ava i lab le  compounds for heavy-molecule
propel lant  material. Suggestions are made f o r  ult imate se lec t ion  of l i k e l y  aro
matics, and a quantum-mechanical method i s  out l ined f o r  ca lcu la t ion  of t h e  sta
b i l i t i e s  of p r o d s i n g  compounds. 

The s t a t u s  of m a s s  spectrometric da ta  on compounds of i n t e r e s t  i s  included, 
and some necessary fundamental inves t iga t ions  a re  indicated.  

INTRODUCTION 

The desirability of operating more e f f i c i e n t ,  v e r s a t i l e  ion  th rus to r s  has 
prompted the  study of heavy-molecule propel lants  (ref. 1). Below spec i f i c  im
pulses Is of 4000 seconds, the e f f i c i ency  of the mercury ion  th rus to r  drops 



rap id ly  (ref. 2 ) ,  but it would be advantageous t o  operate th rus to r s  at lower 
spec i f i c  impulses t o  f u l f i l l  c e r t a in  mission requirements i f  high e f f ic iency  were 
a t t a inab le  ( re f .  1). Certain molecular species  ranging i n  molecular weight from 
500 atomic mass units,  two and one-half times t h e  atomic weight of mercury, t o  
several thousand atomic m a s s  units,  t h e  upper l i m i t  of reasonable a v a i l a b i l i t y  
exclusive of polymeric substances and c o l l o i d a l  pa r t i c l e s ,  may be su i t ab le  for 
a t t a in ing  lower values of spec i f i c  impulse a t  high eff ic iency.  

The process of charging heavy molecules v i a  e l e c t m n  bombardment introduces 
many problems, espec ia l ly  molecular fragmentat ion under impact, which has been 
given some preliminary consideration ( r e f .  3).  This report  proposes (1)t o  
consider t h e  nature of these  problems, ( 2 )  t o  suggest calculat ions on a general  
c l a s s  of su i t ab le  propellants,  and (3) t o  ca l cu la t e  t h e  r e l a t i v e  p robab i l i t i e s  
of various discharge processes. 

Fragmentation of molecular species  w i l l  unavoidably accompany ionizat ion of 
molecules by e lec t ron  bombardment. The in te rac t ions  that occur when 10- t o  100
v o l t  e lectrons co l l i de  with la rge  molecules are extremely d i f f i c u l t  processes t o  
t r e a t  t heo re t i ca l ly .  Moreover, most molecules of i n t e r e s t  have not yet been 
s tudied experiment a l l y .  

The first sec t ion  of t h e  report  contains an enumeration of t h e  possible  
e lectron c o l l i s i o n  consequences f o r  polyatomic molecules i n  order t o  reach some 
bas is  f o r  deciding on des i rab le  propellant cha rac t e r i s t i c s .  The second sec t ion  
of t h e  report  discusses  semiempirical methods of molecular quantum mechanics, 
which can be r ead i ly  applied t o  species  t h a t  appear t o  have des i rab le  molecular 
cha rac t e r i s t i c s .  These approaches are p a r t i c u l a r l y  usefu l  f o r  calculat ions on 
aromatic organic molecules, an important c l a s s  of compounds for propellant con
sidera t  ion. 

Ionizat ion cross  sect ions $.I a r e  measures of t h e  ionizat ion probabi l i ty  
f o r  molecular species i n  t h e  i n i t i a l  bombardment ac t .  Useful cor re la t ion  methods 
a r e  ava i lab le  f o r  estimating some of t hese  Q values.  New ion ic  species may be 
formed i n  secondary processes i n  t h e  discharge, such as ion-molecule react ions 
and multiple i n e l a s t i c  impacts by plasma electrons.  Ion-electron recombinat ion 
might take  place s u f f i c i e n t l y  f a s t  t o  i nh ib i t  net  ionizat ion severely. Contribu
t i o n s  of a l l  these  c o l l i s i o n  processes w i l l  u l t imate ly  determine t h e  average 
m a s s  of t h e  ion beam. The t h i r d  par t  of t h e  report  cons is t s  of an assessment of 
t h e  r e l a t i v e  rates of c o l l i s i o n  processes 

PROPELLANT SELECTION 

Early Thrustor Experiments 

A f e w  preliminary t e s t s  of heavy-molecule ion-propulsion devices have been 
conducted at t h e  Lewis Research Center. Propel lants  were i n i t i a l l y  chosen p r i 
marily on t h e  bas i s  of t h e i r  high molecular weights. L i t t l e  vapor pressure da ta  
were ava i lab le  f o r  those substances i n  t h e  range of achievable b o i l e r  operating 
temperatures. Signif icant  vapor pressures, however, are necessary t o  sus t a in  t h e  
ion-source discharge. Furthermore, only t h e  presence of strong interatomic links 
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may ensure surv iva l  of a s ign i f i can t  f r a c t i o n  of heavy, pos i t i ve ly  charged spe
c i e s  after exposure of t h e  molecule t o  the  various impact processes occurr ing-in 
t h e  discharge of t h e  ion source. 

Thermal Decomposition of Molecules 

Molecules and ions may fragment from e lec t ron  and ion impact or simply be
cause of high temperature. Strengths of chemical bonds between adjacent atoms 
i n  molecules and molecular ions a r e  general ly  at l e a s t  2 e lectron vol ts ,  which 
correspond t o  temperatures g rea t e r  than 20,000° K. Thermal  decompos it ion of a 
molecule or l a rge  ion through bond breakage w i l l  occur at a pa r t i cu la r  s i t e  
along t h e  atomic "chain" only if  v ib ra t iona l  energy equal t o  t h e  bond energy be
comes somehow local ized i n  t h a t  interatomic l ink .  The l ikel ihood t h a t  t h i s  event 
w i l l  t ake -p lace  i n  a thermal equilibrium can be considered proportional t o  t h e  

-ED/kT
Boltzmann f ac to r  e , where ED i s  t h e  bond d issoc ia t ion  energy and 
k and T denote t h e  Boltzmann constant and absolute temperature, respect ively 
( r e f s .  4 and 5) .  The hot filament cathode i n  t h e  ion chamber is t h e  only region 
where s ign i f icant  decomposition of neut ra l s  or ions can t r ansp i r e  v i a  thermal 
decomposition or pyrolysis.  The filament temperature a t  usual emission con-

K,d i t i ons  is ~ 2 4 0 0 ~  while other  pa r t s  of t h e  ion source probably remain about 
500' K. Effects  of c r y s t a l l i n e  changes i n  heating on any other r e s u l t s  of de
composition i n  t h e  b o i l e r  region a r e  not considered herein, but it can s a f e l y  be 
concluded t h a t  thermal decomposition w i l l  be ins igni f icant  i n  t h e  discharge r e 
gion. 

Ion Impact on Discharge Surfaces 

The f i n a l  c l a s s  of fragmenting c o l l i s i o n  t o  be mentioned requires  a separate  
series of fundamental experiments. If  molecular ions with a temperature of sev
eral  v o l t s  happen t o  s t r i k e  surfaces, t hey  may d issoc ia te .  However, aromatic 
ions should e f f i c i e n t l y  randomize t h e  energy received i n  c o l l i s i o n  with a sur
face, and it is therefore  l i k e l y  that, at t h e  temperatures encountered, t h i s  
process w i l l  be negl ig ib le  f o r  t h e  compounds of i n t e r e s t .  If t h e  molecular spe
cies, charged or uncharged, ac tua l ly  "s t ick" t o  t h e  surface i n  a chemisorption 
process, t h e  fates of t hese  e n t i t i e s  could be qu i t e  d i f f e ren t  through dissocia
t i o n  because of atom-to-surface bonding grea te r  than t h e  intramolecular forces .  

Molecular Fragmentation by Electron Impact 

The most important source of fragmentation is  e lec t ron  impact i n  t h e  process 
of ion format ion. 

I n  an e l a s t i c  "b i l l i a rd -ba l l "  c o l l i s i o n  where t h e r e  is no change i n  i n t e r n a l  
energy, t h e  e lec t ron  can only t r a n s f e r  t h e  f r a c t i o n  (2me/M) of its k ine t i c  energy 
t o  t h e  molecule (where me is  t h e  e lec t ronic  mass and M is t h e  molecular 
m a s s ) .  The l a rges t  value of me/M t h a t  is of concern is 4x10-6, so  t h a t  e l a s t i c  
energy t r a n s f e r  i s  negl igible .  
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Not only do e lec t rons  w i t h  k i n e t i c  energies from 20 t o  100 e lec t ron  v o l t s  
have some s ign i f i can t  probabi l i ty  of causing ion iza t ion  by c o l l i s i o n  when passing 
through a gas, but  these  e lec t rons  a re  a l so  capable of simultaneously breaking a 
molecule apar t  i n t o  charged and uncharged fragments. The pa t te rn  of t h i s  frag
mentation process i s  virtually impossible t o  pred ic t  t h e o r e t i c a l l y  f o r  la rge  
molecules because ,of t he  complicated e l ec t ron ic  s t ruc ture  of these  many-atom sys
t e m s .  Experimentally, a beam of monoenergetic e lec t rons  produces a d i s t r ibu t ion  
of charged species of varying mass when incident  upon t a r g e t  gas molecules. The 
form of t h i s  d i s t r i b u t i o n  of products depends on t h e  variable amounts of k i n e t i c  
energy t r ans fe r r ed  i n e l a s t i c a l l y  t o  the t a r g e t  molecules i n  the individual  im
pacts. 

There w i l l  probably be two d i s t r ibu t ions  of e lec t rons  i n  the  molecular dis
charge (ref. 6)  j u s t  as i n  the  mercury thrus tor .  The fast e lec t rons  are those 
t h a t  cope d i r e c t l y  from t h e  cathode, w h i l e  t h e  slow e lec t rons  are assumed t o  be 
e i t h e r  fast e lec t rons  which have l o s t  most of t h e i r  energy through co l l i s ion ,  or 
slow secondaries from ionized neutrals .  

It w i l l  be assumed throughout t h i s  repor t  t h a t  the probabi l i ty  that a fast 
e lec t ron  with 10 t o  100 v o l t s  k i n e t i c  energy only exc i t e s  a neut ra l  molecule is 
on the same order as the  probabi l i ty  that such an e lec t ron  w i l l  ionize the  mole
cule. To s implify t h e  t h e o r e t i c a l  discussion, it is  assumed that  t h e  chance of 
such a molecular exc i ta t ion  r e su l t i ng  i n  d issoc ia t ion  t o  so l e ly  neut ra l  fragments 
i s  r e l a t i v e l y  s m a l l  f o r  t h e  group of high-energy electrons coming d i r e c t l y  from 
t h e  cathode. T h i s  w i l l  be t r u e  i f  t h e  upper e lec t ronic  s t a t e s  of t h e  molecule 
a r e  not s t rongly d issoc ia t ive .  T h i s  process w i l l  not be discussed, although it 
could be t r e a t e d  w i t h  the  same type of potential-energy curves adopted t o  explain 
ion formation. Neutral  fragments formed i n  such d issoc ia t ion  would be subject t o  
the  same c o l l i s i o n  processes as any other  neut ra l s  i n  t h e  chamber. 

Generally, only the higher e l ec t ron ic  s t a t e s  of  t h e  exci ted molecules are 
d issoc ia t ive .  These states could be reached by successive i n e l a s t i c  impacts as  
we l l  as by one co l l i s ion ,  although t h e  time between i n e l a s t i c  impacts i s  gener
a l l y  la rge  enough t o  permit rad ia t ion  of exc i ta t ion  energy. It i s  fur ther  pos
t u l a t e d  tha t  exci ted neut ra l s  will not be d issoc ia ted  t o  any extent by e i t h e r  
fast or s low electrons.  Ionizat ion from these  excited states is  one of t he  many 
possible  secondary processes. Some mention of t h e  exc i ta t ion  phenomenon i s  in
cluded i n  t h e  treatment of cross sect ions and c o l l i s i o n  frequencies: it i s  a 
more impprtant consideration f o r  unstable neu t r a l  fragments such as f r e e  rad i 
ca ls .  

Both charged and uncharged fragments thus have some probabi l i ty  of being 
ionized and/or d i ssoc ia ted  by t h e  r e l a t i v e l y  fast filament e lectrons and slow 
randomized electrons during the  in t e rva l  elapsing between formation and departure 
from t h e  ion chamber. The residence t i m e  of the  neu t r a l  fragments is governed by 
a free-molecular-flow process, whereas t h e  ions migrate under t h e  influence of 
t h e  various po ten t i a l s  i n  the  discharge chamber and depend on the withdrawal 
f i e l d  of the  acce lera tor  po ten t i a l  f o r  t h e i r  ex t rac t ion  and eventual accelerat ion 
as a charged beam. En route t o  the exit  region of t h e  ion source, a l l  these  en
t i t i e s  a re  exposed t o  a whole va r i e ty  of c o l l i s i o n  processes. 
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Desired Behavior of Heavy-Molecule Propellants 

I n  t h e  l i g h t  of t h e  fragmentation problems noted, it is ins t ruc t ive  t o  con
sider t h e  cha rac t e r i s t i c s  sought i n  a heavy-molecule propel lant .  The densi ty  i n  
t h e  ion source is  about 10l2 p a r t i c l e s  per cubic centimeter with ions, electrons, 
and neut ra l s  at d i f f e ren t  temperatures. The ionizing voltages may be 10 t o  50 
vol ts ;  the e f f ec t ive  acce lera t ing  vol tage of i n t e r e s t  is i n  t h e  range from 2500 
t o  20,000 vo l t s .  The specimen i n  t h e  heavy-molecule discharge w i l l  probably be 
subject  t o  an environment similar t o  that i n  t h e  source of t h e  mercury thrus tor .  
The ideal propellant would l o s e  only one electron and s u f f e r  no fragmentasion 
while i n  t h e  ionizer  under e lec t ron  bombardment. Such a molecular e n t i t y  appears 
t o  be completely hypothetical .  However, a s a t i s f a c t o r y  propellant should be 
capable of supplying mainly heavy ions desp i te  some unavoidable loss of atoms or 
groups of atoms. Since t h e  interatomic bonds i n  l a rge  molecules are never more 
than  about -5 e lec t ron  v o l t s  (ref. 7) ,  t h e  i n i t i a l  formation of molecular ions is 
usually unavoidably accompanied by t h e  d issoc ia t ive  production of neu t r a l  f rag
ments. Many electrons will.de l ive r  some excess energy above t h e  ionizat ion po
t e n t i a l  of t h e  molecule, which w i l l  a f f ec t  t h e  molecule i n  a complex fashion. A 
shor t  discussion of t h e  arrangement of molecular energy l e v e l s  as r e l a t ed  t o  
fragmentation i s  given i n  appendix B. A more de t a i l ed  descr ipt ion of t h e  i n t r i 
c a t e  ionizat ion consequences of e lec t ron  impact is given i n  appendix C. 

POSSIBLE CONSEQUENCES OF ELECTRON BOMBARDMENT 

The possible  major consequences of e lectron bombardment of polyatomic mole
cules  w i l l  be out l ined i n  terms of po ten t i a l  energy curves. The discussion in
cludes t h r e e  d i f f e ren t  types of the f inal  molecular ion states: completely bind
ing, completely dissociat ive,  and p a r t l y  d issoc ia t ive .  

Parent Ion Formation 

The troughs of t h e  curves i n  sketches ( a )  t o  ( c )  ind ica te  t h e  degree of 
molecular binding, and t h e i r  s ign i f icance  is  f u l l y  explained i n  appendix B. In  
sketch (a), t h e  v e r t i c a l  t r a n s i t i o n  region determined by t h e  turning points  of 
t h e  lower energy curve descr ibes  a simple ionizat ion of t h e  parent molecule M1 
t o  a d i s t r ibu t ion  of exci ted v ib ra t iona l  states of t h e  upper curve of t h e  parent 
ion Mi. In  quantum-mechanical language, t h e  square of t h e  v ib ra t iona l  wave 
function Q2 f o r  t h e  simple harmonic o s c i l l a t o r  f o r  a spec i f ied  v ib ra t iona l  
quantum numTer gives t h e  p robab i l i t y  of finding t h e  center  of m a s s  of t h e  osc i l 
l a t o r  at a spec i f i c  point i n  t h e  pa r t i cu la r  state. The curves drawn i n  t h e  var
ious v ib ra t iona l  l e v e l s  of sketches (a)  and (b)  are t h e  v ib ra t iona l  func
t i o n s  f o r  t h e  i n i t i a l  and f i n a l  s t a t e s  of t h e  system. The probabi l i ty  of t r an 
s i t i o n  between states i n  t h e  c o l l i s i o n  process is proport ional  t o

(l$a$bd7)2, where $a and qb are t h e  vibronic  wave functions (product of 
e lec t ronic  and v ib ra t iona l )  f o r  t h e  molecular and ionic  states, respect ively 
(ref. 8). This i n t e g r a l  of qa$b is taken over t h e  volume accessible  t o  t h e  
e lec t ron  d7 and i s  known as t h e  overlap in tegra l .  Unfortunately, s a t i s f a c t o r y  

5 



Interatomic distance,  R -
(a)  Po ten t i a l  energy curves f o r  

molecule and molecular ion 
with v ibra t iona l  wave func
t i o n s  (dashed curves).  

wave functions cannot usua l ly  be wr i t ten  f o r  heavy molecules of i n t e re s t ,  s o  
t r a n s i t  ion p robab i l i t i e s  can r a r e l y  be predicted theore t ica l ly .  

Simple Dissociation of Molecular Ions 

Sketch (b)  i l l u s t r a t e s  a simple instantaneous d issoc ia t ion  of t h e  molecule 

M1 
I ~~ -

Interatomic distance,  R
(b)  Franck-Condon region for t r a n 

s i t i o n  t o  a completely dissocia
t ive  s t a t e  of t h e  molecular ion. 
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M1 i n t o  a primary ion P+ and a neu t r a l  fragment F ' .  The r a t i o  of t h e  massp  
of t h e  charged and uncharged segments is a function of t h e  nature of t h e  excited 
ionic  state, which is  t h e  upper s t a t e  of i n t e re s t .  In  t h i s  instance t h e  disso
c i a t i v e  state i s  completely repulsive,  and t h e  r e f l e c t i o n  of t h e  square of the  
ground-state wave funct ion of t h e  lower curve i l l u s t r a t e s  t h e  probabi l i ty  dis
t r i b u t i o n  f o r  t h e  i n i t i a l  energy of t h e  fragments (ref. 8) .  The range of d i f 
ference i n  energy between t h e  Franck-Condon in te rsec t  ions (shaded areas  ex
plained i n  appendix B) and t h e  asymptote of t h e  upper s ta te  sets t h e  r e l a t i v e  
energy d is t r ibu t ion ,  mainly k ine t ic ,  t o  be shared by t h e  two fragments. Multiple 
fragmentations such as P+ + F + F' a r e  a lso possible  i n  a s ing le  impact, 

Combination of Stable  Ion Formation and Dissociation 

Sketch ( c )  i l l u s t r a t e s  a dissociat ion,  but t h e r e  i s  a l s o  a subs t an t i a l  prob

t 
w 


6

k zw 


Interatomic distance,  R 
( c )  Franck-Condon region for t r a n s i 

t i o n  t o  a p a r t l y  d issoc ia t ive  
s t a t e  o:�' t h e  molecular ion. 

abF l i t  y of t h e  format ion of stable ,  v i b r a t  iona l ly  exci ted ions. A combination 
of t h e  reasoning employed i n  sketches (a) and (b)  is su f f i c i en t  t o  explain t h e  
e f fec ts  observed from such an impact. The r e f l ec t ed  square of t h e  ground-state 
wave  funct ion $ gives  a t runcated d i s t r ibu t ion  of energies i n  t h e  upper state, 
which determines t h e  range of r e l a t i v e  energies of t h e  fragments. The overlap 
i n t e g r a l  of qa and $b again determines t h e  occupation of v ib ra t iona l  states 
i n  which t h e  parent molecular ions are t o  be found. 
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General Remarks on Fragment at ion of Polyat omic Molecules 

The diverse  in te rac t ions  of t h e  outer e lectrons of t h e  asymptotic e n t i t i e s  
P+ and F d i r e c t l y  determine t h e  nature of t h e  molecular binding i n  any ion ic  
state. The upper e lec t ronic  .states of t h e  molecular ion, which a r e  reached under 
impact, can e i t h e r  be t h e  ground or various exci ted states. Similar nuclear con
f igura t ions  of i n i t i a l  and f i n a l  molecular states, such as those  shown i n  sketch 
(a), have l a rge  values of t h e  overlap i n t e g r a l  and a r e  sa id  t o  be "strongly 
coupled" under e lec t ron  impact. Excited s t a t e s  of t h e  parent molecular ion nat
u r a l l y  requi re  more energy t o  be formed, s ince  bound e lec t rons  must be "kicked 
up" i n  addi t ion t o  t h e  energy required t o  remove t h e  most loosely bound o r b i t a l  
e lectron.  

U s e f u l  general izat ions can be made about t h e  manner i n  which c e r t a i n  disso
c i a t i v e  processes proceed and t h e  possible  d i s t r ibu t ions  of k ine t i c  energies and 
excited ' e lec t ronic  energy among fragments. Multicenter bond breakage, producing 
more than two fragments, usua l ly  gives products with excess i n t e r n a l  energy, but 
one-center breaks do not (ref. 8) .  In  t h e  second case t h e  excess energy is  
found t o  be mainly t r a n s l a t i o n a l  energy of t h e  fragments. Prediction of fragmen
t a t i o n  i n  any d e t a i l  would require  a complete ana lys i s  of t h e  normal mode vibra
t i o n s  of t h e  intermediate ion involved i n  d issoc ia t ion .  With t h e  present s ta te  
o f  knowledge t h i s  would be a completely speculat ive approach and hardly worth
while f o r  a l a rge  molecule. 

Some usefu l  information can be obtained from t h e  values of t h e  lowest poten
t i a l s  at which var ious ions appear i n  t h e  mass spectrum, that is, appearance-
p o t e n t i a l  s tud ies  and col lect ion-eff ic iency s tud ie s  of t h e  r e su l t i ng  charged 
fragments. Quantum-mechanical descr ip t ion  of t h e  ac t iva ted  ion ic  complex, which 
is  t h e  precursor of t h e  fragment ion, i s  impossible, and only q u a l i t a t i v e  guesses 
can be made i n  regard t o  i ts  s t ruc ture .  I n  addition, energet ics  of pa r t i cu la r  
bond breakage processes a r e  such t h a t  some d issoc ia t ions  a c t u a l l y  requi re  molec
u l a r  ions i n  highly exci ted e lec t ronic  s t a t e s .  

Experimental Results of Impact on Polyatomic Systems 

With l i t t l e  re f ined  knowledge ava i lab le  on molecular d e t a i l ,  a p r i o r i  postu
l a t e s  of t h e  d i s t r i b u t i o n  of ion products f o r  experimentally untested molecules 
a r e  impossible. Predict ion of e lec t ron  impact pa t te rns  f o r  as yet untested la rge  
molecules m u s t  necessar i ly  be gathered from t rends  i n  experimental data  on s i m i 
lar  small molecules (ref. 9 ) .  Mass spectrometric s tud ies  of molecules give rel
-ative i n t e n s i t i e s  of all product ions that are formed i n  bombardment at a pa r t i c 
u l a r  e lectron energy within t h e  l i m i t s  of instrumental  detect  ion. Molecules w i l l  
"break down" when subjected t o  e lectron bombardment i n  a manner determined by t h e  
fashion i n  which bound electrons a r e  l inked t o  t h e  atomic array.  The molecular 
weight of t h e  fragment, which r e t a ins  t h e  charge i n  a P+ + F type dissociation, 
w i l l  thus  depend c r i t i c a l l y  on t h e  type of bonding responsible f o r  t h e  s t a b i l i t y  
of t h e  molecular species.  Many tables ,  ca l l ed  cracking patterns,  which contain 
a l is t  of ions formed and t h e i r  r e l a t i v e  abundances, a r e  ava i lab le  f o r  various 
chemical compounds, espec ia l ly  hydrocarbons. Heavy Inorganic molecules have not 
been well  s tudied as yet .  



COMPARISON OF MOLECULAR "DING TYPES 

Since fragmentation of t h e  propellant by e lec t ron  impact i s  a problem i n  t h e  
molecular ion thrus tor ,  it is  valuable  t o  inves t iga te  t h e  advantages of employing 
promising compounds that a r e  r e l a t i v e l y  s t a b l e  under impact. F i r s t ,  however, t h e  
bonding i n  s m a l l  molecules w i l l  be discussed, and then t h e  spec ia l  organic bond
ing w i l l  be considered. Aromatic organic bonding i s  a pa r t i cu la r ly  in te res t ing  
case. 

Diatomic Molecules 

The pair ing of e lec t rons  with opposite spins  from two atoms accounts f o r  t h e  
s t a b i l i t y  of diatomic molecules, such as hydrogen (H2) and nitrogen ( N 2 )  ( r e f .  7 ) .  
These loca l ized  electrons,  formerly describing a more random motion i n  the  f r e e  
atoms, a r e  usual ly  t h e  m o s t  e a s i l y  removable e lec t rons  i n  the  diatomic molecule 
and hence are t h e  electrons of i n t e r e s t  i n  t h e  ionizat ion of such molecules. 

Aliphat ic  and Al icyc l ic  Organic Molecules 

The concept of e lec t ron  pa i r ing  must be modified t o  cover the  f i e l d  of car
bon chemistry. Localized e lec t ron  p a i r s  with the  concept of directed bonding 
s a t i s f a c t o r i l y  explain s t a b i l i t y  of m o s t  a l i pha t i c  and a l i c y c l i c  compounds. 
These a re  chain and r ing  compounds i n  which a l l  carbon a toms have four  s ingle  
bonds, such a s  C3%, .which has t h e  s t r u c t u r a l  formula CH3-CH2-CH3. Complete 
treatment of bonding i n  t h i s  c l a s s  involves the  inclusion of spin terms of elec
t rons  i n  adjacent bonds and the  addi t iona l  u t i l i z a t i o n  of  the  concept of  equiva
l e n t  pa i r ing  or hybrid bonding. Extended quantum-mechanical discussion of t h i s  
unusual bonding i s  beyond the  scope of t h i s  report  ( r e f .  10).  

Aromatic Organic Molecules 

Aromatic hydrocarbons such as benzene ( C s H s )  and i t s  der ivat ives  display a 
fu r the r  unique behavior. Electrons i n  the  highest  bound l e v e l s  cannot be paired 
together  i n  any p re fe ren t i a l  fashion and must be considered as completely delo
calized. The six e lec t rons  f i l l i n g  t h e  three  highest  o r b i t a l s  i n  the  molecule 
a re  f r e e  t o  migrate throughout t h e  regular  hexagonal ring, which i s  comprised of 
t he  six stably bonded carbon atoms (ref. 11). The r e su l t an t  so-called resonance 
s t ruc tures  a r e  depicted i n  sketch (d )  (carbon atoms a r e  at v e r t i c e s ) .  

(a )  
(d)  Resonating s t ruc tu res  

f o r  benzene molecule 
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The a c t u a l  s t r u c t u r e  of benzene is a simultaneous superposit ion of t h e  two 
s t ruc tures  (a)  and (b). The s o l i d - l i n e  bonds a r e  formed by s ta t ionary  electron 
pairs,  but t h e  dashed-line bonds a r e  i d e n t i c a l  l i n k s  producing a "streamer" of 
charge around t h e  ring. 

Bonding i n  Inorganic and Organometallic Compounds 

Chemical binding i n  inorganic molecules general ly  cons is t s  of loca l ized  
electron p a i r s  with t h e  exception of systems 'that have some Jr-electrons. I n  any 
case, the  Jr-electron network does not extend over the  e n t i r e  molecule. Since 
these molecules can have only a p a r t i a l  aromatic character, they w i l l  have bond
ing t h a t  i s  a composite of a l i p h a t i c  and aromatic bonding. There i s  no subclass 
of such compounds t h a t  shows any d e f i n i t e  t rend  i n  enhanced s t a b i l i t y  among neu
t r a l  molecules. 

Organometallic compounds a re  molecules composed of metal atoms with attached 
organic groups. The metal-metal bonds a r e  the s t rength of the  usual inorganic 
bonds, t h a t  is, several  vol ts ,  while the  metal-organic bonds a r e  usually of a 
polar izat ion type and weaker than the  conventional inorganic bonds. The o v e r a l l  
bonding i s  much l i k e  t h a t  of the a l i p h a t i c s  except where the  metal-organic bonds 
are of a weak sr-electron type. 

GENERFlL MECHANISM OF FRAGMENTATION I N  ORGANICS 

A general  discussion has already been presented of the complicated fragmen
t a t i o n  t h a t  w i l l  accompany ionizat ion of polyatomic molecules, and the changes 
produced i n  e lec t ronic  energy have been considered. Now, a more p a r t i c u l a r  top ic  
comes i n t o  consideration: fragmentation behavior i n  organic compounds. 

Energy Randomization Requirements for Ion S t a b i l i t y  After Impact 

I n  a l i p h a t i c  hydrocarbons, the  branching of t h e  molecular chain determines 
the  breakdown of the molecule i n t o  charged and n e u t r a l  fragments. Two possible 
fragmentation paths for C3G are: 

Inasmuch as v io len t  movement of adjoining atoms r e s u l t s  i n  dissociation, the 
y i e l d s  of various ions w i l l  be governed by the capabi l i ty  of the  bombarded e n t i t y  
t o  randomize excess energy and the  number of c e r t a i n  bonds avai lable  as sinks f o r  
the  diss ipat ion process. Resonance s t a b i l i z e d  aromatic hydrocarbons a r e  not as 
susceptible t o  bond disrupt ion as the saturated a l i p h a t i c s  and a l icyc l ics ,  as 
shown by electron impact s tudies  ( re f .  1 2 ) .  Energy flowing f r e e l y  between the 
coupled o s c i l l a t o r s  allows f o r  rapid migration of energy r a t h e r  than loca l iza t ion  
with consequent bond breakage. 
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Present S t a tus  of Electron Impact Studies 

Fragmentation pa t t e rns  f o r  saturated s t r a i g h t  and branched chain hydrocar
bons have been reported (ref.  8) .  These compounds have been studied extensively 
because of obvious i n d u s t r i a l  i n t e r e s t .  There i s  a more l imi t ed  amount of da ta  
ava i lab le  r e l a t i n g  t o  impact s tud ies  on l a rge  chain-type unsaturates, f o r  exam
ple, lY3,5-hexatriene ( CH2=CH-CH=CH-CH=CH2). Large r ing  aromatic hydrocarbons 
are not r ead i ly  synthesized and have low vapor pressures, s o  consequently l i t t l e  
m a s s  spec t r a l  da ta  have been taken on t h i s  c l a s s  of compounds. Recent s tud ies  
ind ica te  t h a t  amino ac ids  w i l l  generally have cracking pa t t e rns  (ref.  13) much 
l i k e  a l i p h a t i c s  unless l a rge  aromatic segments a r e  involved. High molecular 
weight inorganic compounds have been v i r t u a l l y  ignored i n  bombardment investiga
t ions. 

Fragmentation of Saturated Hydrocarbons 

Localization of t h e  paired e l ec t ron ic  motion i n  individual  chemical bonds 
gives r i s e  t o  normal mode vibrat ions t h a t  generally produce f r ac tu re  i n  t h e  mo
l ecu la r  ion s t a t e s .  The breakdown of sa tura ted  hydrocarbons upon electron impact 
i s  such tha t  t h e i r  d i s t r ibu t ion  of ion ic  fragmentation products has an average 
m a s s  t o  charge r a t i o  M/q much smaller than the  s ing ly  ionized parent ion. For 
example, t he  compound 3-ethyltetracosane (mol. w t .  = 367 amu) gives an average 
ion ic  m a s s  of l e s s  than 40 ( ref .  12) .  Multiple e l ec t ron  impacts upon parent ions  
and. neu t r a l  fragments can only serve t o  d issoc ia te  molecular e n t i t i e s  t o  an even 
g rea t e r  degree. I n  view of t h i s  combined behavior, t h e  a l i p h a t i c  and a l i c y c l i c  
sa tura ted  hydrocarbons a re  not promising as propellants f o r  t he  heavy-molecule 
thrus tor .  The fragmentation pa t t e rns  of polymeric substances should p a r a l l e l  
those of t h e  sa tura ted  hydrocarbons unless t he re  i s  considerable cross-linking of 
t he  molecular chain. Moreover, t he  sublimation of t he  polymer l aye r s  w i l l  give a 
d i s t r ibu t ion  of s i z e s  of neu t r a l s  even before bombardment o r  charging. 

Fragmentation of Unsaturated Hydrocarbons 

Alternating double-bond compounds, both s t r a i g h t  chain polyenes and the  
ring-type unsaturated c l a s s  of aromatic compounds, o f f e r  t h e  most promise f o r  mo
l e c u l a r  s t ab i l i t y  and high average molecular weight of product ions  from the  d is 
charge. The aromatic molecules are generally more s t ab le  than chain-type poly
enes of the  same molecular weight because t h e  1200 angle between t h e  adjoining 
carbons i n  t h e  hexagonal aromatic r i n g  enhances t h e  s t a b i l i t y  of t h e  benzene-type 
s t ruc tu res  ( ref .  10). The unique hybrid bonding of sp2 equivalent o r b i t a l s  ac
qui res  i t s  most comfortable configuration wlth minimum bond s t r a i n  i n  the  planar 
benzene arrangement (ref.  11). Such a s i t u a t i o n  provides maximum bonding energy 
f o r  t he  atoms. 

Behavior of Inorganics Under Impact 

There i s  no reason t o  believe t h a t  inorganic molecules should be unusually 
stable under impact. Those molecules with only a few consti tuent atoms o f f e r  a 
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narrow choice of paths f o r  fragmentation. Many-atom systems w i l l  break down much 
l i k e  a l ipha t i c s  and a l i c y c l i c s  because of t he  loca l ized  bonding ( r e f .  1 2 ) .  If 
the  preferred d issoc ia t ive  mode of t he  predominant molecular ion corresponds t o  
formation of a large ion and a s m a l l  neu t r a l  fragment, t h e  problem of e f f i c i e n t  
beam col lec t ion  remains. The residence time of primary ions must be minimized t o  
ex t rac t  a sa t i s f ac to ry  amount of ions from t h e  chamber. Organometallic compounds 
should general ly  fragment l i k e  a l ipha t i c s  because of normal loca l ized  bonds and 
weaker polar iza t ion  bonds between organic groups and metal atoms (ref. 14) .  
There i s  no straightforward approach t o  obtaining a promising inorganic or or
ganometallic compound, since no subclass of these compounds displays aromatic be
havior. However, similar atom systems such as t h e  selenium octamer Seg and Sn14 
could have unique fragmentat ion pa t te rns  under impact because of symmetry. 

P3SSIBI;E EMPMYMENT OF AROMATIC PROPELLANTS 

Since the  aromatic compounds appear t o  be the  most promising propellants,  it 
would appear prof i tab le  t o  invest igate  spec i f ic  molecules. 

Ring Systems and Delocalization Energy 

Benzene, t he  single-ring aromatic, i s  the  bas ic  uni t  from which many poly
r ing  systems a re  synthesized. Generally, t he  smaller polyring compounds behave 
much l i k e  benzene upon e lec t ron  bombardment. The e lec t ronic  cha rac t e r i s t i c s  of 
benzene have been wel l  studied and s a t i s f a c t o r i l y  explained via experiment ( r e f .  
15). Fused polyring systems have not been inves t iga ted  i n  d e t a i l  past  anthra
cene, t he  three-r ing molecule whose mass spectra  have been reported f o r  bombard
ment with 70-volt e lec t rons  ( re f .  1 6 ) .  These molecules give parent ions whose 
s t ruc tures  usual ly  resemble those of the  neu t r a l  molecules. The quant i ta t ive  
degree of s t a b i l i t y  for aromatics can be expressed i n  terms of the  delocal izat ion 
energy associated with the  mobile fl-electrons ( r e f .  10).  The delocal izat ion 
energy can be defined as the  calculated addi t iona l  binding energy t h a t  r e s u l t s  
from delocal izat ion of e lec t rons  o r ig ina l ly  constrained t o  i so l a t ed  double bonds. 
This energy value o s c i l l a t e s  somewhat on a per-electron bas i s  on going from CgHg 
t o  Cl4Hl0 and through t h e  l a rge r  r ing  compounds. The de loca l iza t ion  energies f o r  
some aromatic hydrocarbons a r e  given i n  t a b l e  I. Nonbenzenoid type aromatics, 
whose r ing  u n i t s  have more or l e s s  than s i x  carbon atoms, have been excluded from 
consideration because they general ly  have lower delocal izat ion energies than the  
benzene compounds. 

Two General Classes of Likely Heavy Molecules 

The preceding discussion ind ica tes  t h a t  high-molecular-weight aromatics, or 
aromatic derivatives,  would be most su i tab le  as heavy-molecule propellants.  
Large polyring compounds with molecular weights g rea t e r  than 400 atomic m a s s  
u n i t s  could be used. Alternatively,  compounds of high molecular weight, bu t  com
posed of only a few rings,  may be prepared chemically by the  subs t i tu t ion  of 
heavy atoms f o r  t he  hydrogens on the  component rings.  However, t he  stabil i ty of 
t he  l a t t e r  group i s  questionable. 
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Preparation of Large Polyring Systems - "Aromaticity" Pr inciple  

The usefulness of polyring compounds can be assessed by extension of molec
u l a r  fragmentation s tudies  t o  spec ia l ly  prepared polyring molecules. These elec
t ron  impact t e s t s  have been i n i t i a t e d  ( r e f .  2) ,  and preliminary r e s u l t s  include 
the  qua l i ta t ive  nature of t h e  molecular cracking pat terns ,  some of which can be 
t h e o r e t i c a l l y  explained on the  b a s i s  of the aromaticity pr inciple  ( re f .  1 7 ) .  
This pr inciple  has been s a t i s f a c t o r i l y  employed t o  explain the s t a b i l i t y  of many 
molecules i n  the  gas phase and molecular ions i n  t h e  solution. The pr inciple  
s t a t e s  t h a t  s tab le  e lec t ron  configurations e x i s t  f o r  aromatic molecular s t ruc
t u r e s  when they have (4n + 2 )  fi-electrons ( r e f .  1 7 ) .  The concept has a theoret
i c a l b a s i s  i n  the  molecular o r b i t a l  theory of chemical bonding. The ground-state 
energy l e v e l  i n  t h i s  e lec t ron  pair ing scheme i s  nondegenerate and accomodates 
only two electrons.  All other  e lec t ronic  l e v e l s  a r e  considered f i l l e d  i f  occu
pied by four electrons,  and these o r b i t a l s  a r e  designated doubly degenerate. 

There are  l imi ta t ions  t o  the  s t r i c t  appl icat ion of the aromaticity c r i t e r i o n  
f o r  molecular s t a b i l i t y ,  both among neutrals  and molecular ions. For example, 
the  pyrene molecule with 1 6  a-electrons does not f u l f i l l  the  (4n + 2 )  require
ment, and y e t  it i s  s table .  Symmetric aromatics, unchanged by r e f l e c t i o n  i n  the  
plane normal t o  the rings,  have an even number of electrons,  so t h e i r  singly 
charged ions cannot have (4n + 2 )  electrons; however, doubly charged ions with 
(4n + 2 )  a-electrons m a y  be desirable impact products. Since formation of doubly 
charged ions i s  r e l a t i v e l y  improbable, the d e s i r a b i l i t y  of ions with (4n + 2 )  TC
electrons suggests the use of asymmetric molecules t h a t  have (4n + 3) TC
electrons,  since t h e i r  parent ions may be unusually s table .  Ovalene, a s tab le  
compound of 13 r ings with 32 5-electrons, could be a promising propellant. How
ever, it has ye t  t o  be subjected t o  e lectron impact a t  conventional th rus tor  
ionizing voltage s. 

Preparation of the  Halogenated Derivatives of Polyring Systems 

The usefulness of heavy-atom subst i tuted polyring compounds can be estimated 
by considering t h e  e f fec ts  of replacing a r ing hydrogen w i t h  a halogen atom. 
Such a subs t i tu t ion  w i l l  a l ter  t h e  electronic  behavior and associated chemical 
propert ies  of the benzene ring. Halogen atoms such as bromine and iodine a re  
preferred f o r  subst i tut ion,  s ince they  not only bind s t a b l y  t o  r ing s y s t e m  but 
a l s o  have much higher molecular weights than other group choices such as hydroxyl 
(OH), n i t r o  (NO2), amino (NH2), and s o  for th .  The e lec t ronic  condition of t h e  
attaching group is c r i t i c a l  i n  predicting t h e  effects of chemical subs t i tu t ion  
on t h e  r ing ( r e f .  15). One c l a s s  of attaching groups withdraws negative charge 
from t h e  ring, and another c l a s s  provides an addi t iona l  e lectronic  charge. In  
t h e  subs t i tu t ion  reaction, t h e  former type ( e l e c t r o p h i l i c )  seeks s i t e s  of high 
electron density, while t h e  l a t te r  (nucleophilic) prefers  the r i n g  locat ions of 
lowest e lectron density. The presence of addi t iona l  halogens on t h e  r ing  more 
d r a s t i c a l l y  alters t h e  c h a r a c t e r i s t i c s  of t h e  a-electron skeleton, that is, de
loca l iza t ion  energy and accompanying r ing s t a b i l i t y .  

Iodine (at .  w t . ,  127)  would be the  preferred halogen atom f o r  subst i tut ion.  
It i s  considerably heavier than the  next number of t h i s  electronegative family, 
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bromine (at. wt., 80). However, each halogen will bind t o  t h e  ring t o  a degree 
dependent upon its e lec t ron  a f f i n i t y .  This quant i ty  ,is roughly proportional t o  
t h e  exothermicity of t h e  gaseous reaction, X + e' + X . The electron a f f i n i t i e s  
of bromine and iodine are 3.55 and 3.30 e lec t ron  vol t s ,  respectively,  and there
f o r e  bromine w i l l  bind more s t ab ly  t o  t h e  r ing  (ref. 10).  

Preparation of s t a b l e  molecules i n  t h e  range of desired molecular weight 
w i l l  be  d i f f i c u l t ,  but it is an encouraging f a c t  that c e r t a i n  monohalogenations 
proceed more r ap id ly  with l a r g e r  r ing  systems than  they  do with benzene (refs. 1 7  
and 18). The methods ava i lab le  i n  synthe t ic  organic cherllistry assure  t h e  prepa
r a t i o n  of t h e  compounds of i n t e r e s t .  The important question t h a t  remains, how
ever, is whether a polysubst i tuted compound and i t s  ions would be s u f f i c i e n t l y  
stable t o  provide a heavy ion beam. 

Sipce polyhalogenat ed benzenes, f o r  example, t etrabromobenzene, have been 
prepared and are thermally stable, it is poss ib le  t h a t  extensive halogenation 
w i l l  be  no problem. It seems l i k e l y  t h a t  polyring s t ruc tures  such as anthracene 
could accommodate 6 t o  10 halogens, although t h e  reac t ion  y ie ld  of t hese  mole
cules  might be low. S t e r i c  e f f e c t s  will undoubtedly l i m i t  t h e  m a x i m u m  number of 
halogens, s ince  l a rge  atoms tend t o  overlap, and t h e  mutual repulsion of t h e i r  
e lectron clouds s t r a i n s  t h e  r ing  conformation ( r e f .  15). The method t o  be em
ployed f o r  ca lcu la t ing  molecular s t a b i l i t y  i s  out l ined i n  appendix D. 

I O N I Z A T I O N  CROSS SECTIONS 

Fundamental s tud ies  m u s t  be  undertaken t o  obtain t h e  mass spec t ra  of any 
l a rge  molecules t h a t  show promise as heavy-molecule propel lants .  The r e l a t i v e  
amounts of ions eventual ly  cons t i tu t ing  t h e  beam will be ind i r ec t ly  determined by 
t h e  cross  sec t ions  for ionizat ion at t h e  bombarding e lec t ron  energy. The ioniz
ing voltages f o r  bombarding electrons i n  these  fundamental s tud ies  should be 
those required for a stable th rus to r  discharge as determined experimentally. The 
cross  sect ion top ic  w i l l  now be discussed i n  some d e t a i l  and w i l l  u l t imate ly  be 
r e l a t e d  t o  t h e  probabi l i ty  of formation of t h e  various charged species i n  t h e  
discharge. 

The probabi l i ty  of obtaining ions by impact i s  proportional t o  t h e  t o t a l  
molecular ion iza t ion  cross sect ion Q?1, which i s  made irp of the  cross sec t ions  
f o r  formation Qi of pa r t i cu la r  product ions. 

These ion iza t ion  cross  sect ions Qi are  measures of t he  "effect ive" areas  
t h a t  t he  negative charge clouds of molecules present t o  an incident e lec t ron  of 
some given energy f o r  formation of a pa r t i cu la r  product ion. This "size" i s  in
d ica t ive  of the  ease of removal of e lectrons whose binding energy or ion iza t ion  
po ten t i a l  i s  equal t o  or l e s s  than the  k i n e t i c  energy of t he  impacting electron.  
The magnitude of Qi i s  consequently c r i t i c a l l y  dependent on the  energy of t he  
incident  electron, and p l o t s  of t h i s  dependence a r e  qui te  valuable (ref. 19) .  

Reliable t h e o r e t i c a l  predict ions of cross  sec t ion  dependencies f o r  t he  for
mation of spec i f ic  ions a re  not r ead i ly  performed. A complete quantum-mechanical 
treatment of co l l i s ions  i n  molecular systems requi res  exact wave functions, which 
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a t  l e a s t  describe the  behavior of the  most e a s i l y  removable e lectrons i n  the  
polyatomic framework. Such necessary wave functions a re  known exact ly  only f o f  
t h e  hydrogen atom. It i s  extremely d i f f i c u l t  t o  obtain them because an exact 
po ten t ia l  for a many-electron system cannot be constructed. Such a poten t ia l  i s  
required f o r  the molecular Hamiltonian HJr = EJr = ( K  + V)$, where K and V a r e  
the t o t a l  k i n e t i c  and p o t e n t i a l  energies, respectively.  Another Hamiltonian op
erator ,  needed t o  describe the  in te rac t ion  of the two systems ( incident  e lectron 
and atom) between i n i t i a l  and f i n a l  s t a t e s  J r i  and $f, i s  even l e s s  wel l  known 
and can a t  bes t  be only crudely approximated (ref .  20) .  

The t h e o r e t i c a l  Born approximation describes atomic sca t te r ing  of e lectrons 
but i s  v a l i d  only when the  amount of energy l o s t  i n  the c o l l i s i o n  can be neg
l e c t e d  with respect t o  the  k i n e t i c  energy of t h e  electron previous t o  c o l l i s i o n  
(ref .  19), which i s  not a case of i n t e r e s t  f o r  t h i s  report .  When v a l i d l y  em
ployed, t h i s  approximation gives a v i r tua l ly  exact in te rac t ion  potent ia l .  Other 
t h e o r e t i c a l  methods, such as the  p a r t i a l  wave sca t te r ing  treatment (ref. 21), 
would be applicable f o r  low-energy interact ions,  i f  the  molecular wave functions 
were known. 

Ionizat ion Cross Section Estimates 

Since useful  t h e o r e t i c a l  approaches a re  present ly  not available,  experi
mental semiempirical methods must be r e l i e d  on. 

Values of the  t o t a l  cross sect ion f o r  ionizat ion Qr have been obtained f o r  
many molecules via mass spectrometer experiments ( re fs .  22 and 2 3 ) .  The values 
given are  the sums of the  cross sections f o r  a l l  possible routes  of ion formation 

a t  a constant electron-bombardment energy, t h a t  is, $ = Qi, where the pre
i 

viously introduced Qi i s  the  ionizat ion cross section f o r  a spec i f ic  product 
ion. The percentage of t o t a l  ionizat ion a t t r i b u t e d  t o  the  most abundant ion 
w i l l ,  however, vary over a wide range depending on t h e  type of molecule and t h e  
incident e lectron energy. The values of Qi f o r  a propellant molecule w i l l  de
termine t h e  i n i t i a l  amount of ions of varying m a s s  and charge that  i s  formed i n  
the discharge before the occurrence of secondary processes or multiple impacts 
by the  f r e e  electrons.  For a steady-state descr ipt ion of the  discharge, it i s  
obviously qui te  important a l s o  t o  know the  ionizat ion cross sections f o r  both 
neut ra l  and charged fragments. If a l l  these Qi values a r e  known, the  d is t r ibu
t i o n  of ions a r r iv ing  at  the accelerator  a f t e r  a l l  possible c o l l i s i o n  processes 
have taken place can be predicted i n  pr inciple .  It is possible t o  estimate t o t a l  
cross sect ions since there  i s  good evidence t h a t  the  $ value a t  a f ixed  bom
bardment energy i s  primarily a function of a, the  p o l a r i z a b i l i t y  of the  mole
cule. 

Studies on Molecular Radicals and Formation of Doubly Charged Ions 

Unfortunately, many la rge  molecules under consideration as poten t ia l  propel
l a n t s  f o r  t h e  heavy-molecule t h r u s t o r  have not ye t  been subjected t o  e lectron i m 
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pact i n  low-pressure ( mm Hg) m a s s  spectrometer experiments. Smaller molecu
lar fragments, such as C2H4, have been r e l a t i v e l y  wel l  studied, and &T values 
have been reported f o r  species i n  a t  l e a s t  two independent inves t iga t ions  ( r e f s .  
22 and 23) .  However, organic f r e e  radicals ,  e n t i t i e s  w i t h  no net  charge but  i n  
a condition of unsa t i s f i ed  valence, cannot be r e t a ined  f o r  su f f i c i en t ly  long 
periods t o  make extensive studies.  Very l i t t l e  da ta  a r e  avai lable  on such frag
ments of any more molecular complexity than t h e  methyl (CH3.)  or phenyl ( C 6 H s - )  
r ad ica ls .  There a re  v i r t u a l l y  no e lec t ron  impact da ta  on molecular ions. 

Experimental methods whose employment w i l l  overcome t h i s  lack  of s a t i s f ac 
t o r y  cross sect ion data  a r e  cur ren t ly  avai lable .  Flash photolysis techniques 
employing high-intensity,  pulsed u l t r a v i o l e t  and v i s i b l e  l i g h t  do give f r e e  rad
i c a l s  i n  abundance and are  a source of spectroscopic data. Double mass spectrom
eters ,  u t i l i z i n g  two ion chambers, one f o r  ion formation v i a  bombardment and the  
other  f q r  s ca t t e r ing  of e lec t rons  by only the  ions, a r e  necessary t o  obtain ion
i za t ion  cross  sec t ions  f o r  molecular ions. Detection of s ign i f i can t  product 
ion currents  i s  a problem, and only t h e  advent of a-c modulated cross-beam tech
niques o f f e r s  hope of '  s a t i s f ac to ry  measurements ( r e f .  24) .  

O f  necessity, semiempirical treatments, such as those of reference 22 or 23, 
must be employed i n  the  absence of experimental data  t o  estimate the  &T values 
f o r  a l l  neut ra l s  including f r e e  radicals .  Use of these approaches i s  confined 
t o  cor re la t ing  + values with e f f ec t ive  atomic radi i  or atomic po la r i zab i l i t y  
f o r  a spec i f ic  electron-bombardment energy. This p o l a r i z a b i l i t y  method cannot 
be confidently appl ied t o  compute &T values f o r  charged molecular species be
cause of lack of information on molecular ions. Molecular ion  f i e l d s  na tu ra l ly  
extend t o  l a rge r  dis tances  than  do t h e  f i e l d s  of t h e  neu t r a l  species, and, i f  
t h e  ionizat ion po ten t i a l  i n  t h e  process $ + e' + $++ 2e' is near ly  equal 
t o  t h e  molecular ionizat ion potent ia l ,  it is expected t h a t  QT w i l l  be at l e a s t  
as la rge  as t h e  predicted values f o r  t h e  parent molecule (ref. 25). 

Ionizat ion Cross Section Curves 

The general  energy dependence of + f o r  simple polyatomic molecules resem
b l e s  the  case shown i n  sketch ( e ) .  Many more ions a r e  possible  as products from 
polyatomic systems t h a t  can a r i s e  from atoms i n  t h e  same range of bombardment 
energy. The various ions r e su l t i ng  from t h e  parent molecular ion v i a  dissocia
t i o n  w i l l  d isplay roughly the  same Qi= f ( Ee ) dependence from t h e i r  threshold 
point o r  cha rac t e r i s t i c  appearance poten t ia l .  I n  some narrow region of ionizing 
voltage j u s t  above the  onset of ion  current, it may be possible  t o  obtain suffi
c ien t  heavy ions without excessive breakup. 

It should not be expected t h a t  t he  e n t i r e  ion beam current w i l l  be due t o  
t h e  parent ion ( i . e . ,  t he  molecule divested of one e lec t ron  with no l o s s  of com
ponent atoms) over t h e  range of ionizing voltage AVI. 
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Values of Qi 

Magnitudes of Qi f o r  l a rge  molecules may be 100 times &max, t h e  maximum 
ionizat ion cross sect ion f o r  t h e  mercury atom. A t  75 e lec t ron  vol ts ,  t h e  t o t a l  
ionizat ion cross  sec t ion  f o r  mercury reaches its maxi" of about 7x10-16 
square centimeter (ref. 26 ) .  Tota l  cross sect ions f o r  some small polyatomic 
molecules s tudied i n  the  m a s s  spectrometer a r e  as much as f i v e  t i m e s  as la rge  a t  
t h i s  ionizing energy (ref. 23) .  Larger and heavier polyatomic molecules would be 
expected t o  have even l a r g e r  cross  sections.  It i s  only possible  t o  estimate @ 
near the  threshold, s ince t h e  i n i t i a l  slope of t h e  curve of Qi against  -Ee  

Electron bombardment energy, E,, v 

( e )  Curve i l l u s t r a t i n g  general  form of dependence of cross 
sect ion on e lec t ron  energy. 

w i l l  determine Qi i n  t he  area of low ionizing energy. The following two meth
ods a re  ava i lab le  for predict ing Q,T =cQi t o  within 10 t o  15 percent of ob
served values ( r e f s .  22 and 23).  i 

Method of Atomic Addi t iv i ty  

The authors of reference 22 have adopted an a d d i t i v i t y  pr inc ip le  f o r  atomic 
contr ibut ions t o  ca lcu la te  Q,T for organic and inorganic molecules (ref. 22) .  

Their work demonstrates t h a t  within a c l a s s  of compounds it can be sa fe ly  assumed 
t h a t  Qr f o r  a molecule i s  t h e  sum of the cross  sect ions of t h e  const i tuent  
atoms obtained from t h e  mean-square e l ec t ron ic  r a d i i  of atomic electrons.  Values 
calculated f o r  organic molecules general ly  f a l l  within 15 percent of t he  experi
mental values, but  it i s  not c l e a r  what i n t e rp re t a t ion  should be made of experi
mental disagreement. 

17 




Semiempirical Method 

The authors of reference 23 have semiempirically r e l a t e d  Qg t o  t h e  known 
molecular p o l a r i z a b i l i t y  a t  a constant e lec t ron  energy. The mean molecular po
l a r i z a b i l i t y  a i s  a measure of the  deformability of t h e  electron cloud or the  
ease with which pos i t ive  and negative charge centers  can be separated. Theoret
ica l ly ,  t h e  cross  sec t ion  can be r e l a t e d  t o  E through a quantum-mechanical ma
t r i x  element, so the  connection between the  two quant i t ies  is not unexpected. 
Experimental p o l a r i z a b i l i t i e s  may be wr i t ten  i n  terms of t h e  polar izat ion P,
which i s  obtained from ref rac t ion  studies.  The following expression is u t i l i zed :  

where MW i s  the  gram molecular weight, p t h e  density, No the  Avogadro number, 
nm t h e  index of re f rac t ion  a t  i n f i n i t e  wavelength, PE t h e  e lec t ronic  polariza
tion, and PA the atomic polarization. For p r a c t i c a l  reasons, data  a re  obtained 
from t h e  v i s i b l e  r a t h e r  than t h e  infrared ( e s s e n t i a l l y  i n f i n i t e  wavelength) spec
t r a l  region. Since v i s i b l e  l i g h t  displaces only t h e  outer electrons,  thereby in
ducing a dipole  moment, only PE contributes t o  t h e  measured P. The motion of 
t h e  ion core i s  unaffected by v i s i b l e  l igh t ,  so  experimentally PA is  zero. 
Actually, t h e  expected PA with infrared l i g h t  would be a few percent of t h e  ob
served PE. Group p o l a r i z a b i l i t i e s  can be added t o  give E f o r  a l l  types of hy
drocarbons. Tabulated values of a a r e  ava i lab le  f o r  ( CHz), (CH3), (GH) (a l i 
phat ic) ,  (C-H) (aromatic), and numerous other groups. The empirical r e l a t i o n  be
tween cross sect ion and p o l a r i z a b i l i t y  ( r e f .  23) i s  Q,T = AE; t h e  constant 
A = 1.8X10 8 per centimeter f o r  70-volt electrons.  This value is  obtained from a 
f i t t e d  plot  of 20 substances. The value of t h e  constant can only be estimated 
a t  t h e  lower electron energies required f o r  t h r u s t o r  operation, t h a t  is, 15 t o  
20 vol t s .  Allowing f o r  n e a r l y t h e  same A value t o  describe t h e  dependence of-
QT on a at low bombardment energies yields  t h e  values of predicted QT i n  
t h e  range from 50 t o  200X10'16 square centimeters. This value suggests a great
l y  enhanced probabi l i ty  of ion formation f o r  c e r t a i n  molecular propellants over 
t h a t  of t h e  atomic propellants.  It must be kept i n  mind t h a t  extrapolation of 
t h e  Q = r e l a t i o n  t o  ionizing energies below 70 electron v o l t s  s t i l l  predicts  
t h e  t o t a l  ionization cross section, and, s ince t h e  p a t t e r n  of t h e  molecular ion 
dissociat ion is highly specif ic ,  t h e  Qi f o r  t h e  parent ion can be much l e s s  
than QT. 

P o l a r i z a b i l i t i e s  have been computed f o r  some compounds already investigated 
as possible thrus tor  propellants.  An value for Sn14 of 3.25~10~23cubic 
centimeter i s  given i n  reference 27. For s m a l l  polyatomic molecules the cross 
section a t  20 v o l t s  can be taken as 0.75 of the Qr f o r  70 v o l t s  from the  gen
e r a l  form of the  curves f o r  Qr against  E,. The new A is then 

8A' = 0.75x1.8~10 per centimeter = 1.35x108 per centimeter 
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The pr inc ip le  of t he  a d d i t i v i t y  of group p o l a r i z a b i l i t i e s  was u t i l i z e d  t o  ge t  a 

f o r  glycerine t r i s t e a r a t e ,  which has the  following s t r u c t u r a l  formula: 

C H 2 4 0 C - C 1 7 H 3 5  

For glycer ine tr istearate the re  are three CH3 groups: (E = 22.6X10'25 cm 3 ), 

51 C H 2  groups ( E  = 1 8 . 2 X 1 0 ' 2 5  cm3), and three TQ- groups (a = 30.0X10'25 cm3).( O0 1 
The t o t a l  E = 1 . 0 8 X 1 0 ' 2 2  cubic centimeter, s o  t h a t  &r equals 1 4 6 X 1 O ' l 6  square 
centimeter ( 1 . 3 5 X 1 0  8 per  centimeter t i m e s  1.08X10-22 cubic centimeter), which 
again is  a very la rge  cross sect ion value. 

General Remarks on Aromatics 

Some general  remarks can be  made about t h e  nature of d i ssoc ia t ion  processes 
f o r  l a rge  molecules. 

Loss of s m a l l  fragments, such as H2, from l a rge  molecular ions is  a favored 
process because of a r e l a t i v e l y  low energy expenditure ( r e f .  8 ) .  An abundance of 
heavy ions f o r  beam accelerat ion could s t i l l  resu l t ,  desp i te  production of numer
ous ionic  products, if important d i ssoc ia t ive  paths corresponded t o  the loss  of 
s m a l l  groups of neutrals .  In  t h e  molecular weight range of i n t e re s t  among or
ganic compounds ( i .e . ,  300 t o  1000 amu), it is impossible t o  predict  an ionic 
breakdown pa t t e rn  quant i ta t ively.  Extended conjugated s t ruc tures  (a l te rna t ing  
s ing le  and double bonds) do seem t h e  most su i t ab le  propellants,  qual i ta t ively,  
from inspect ion of t h e i r  breakdown pa t te rns  (ref. 9 ) .  Ionization poten t ia l s  f o r  
these compounds range from 5 t o  10 electron vol ts ,  so  extrapolations of the vis
i b l e  and u l t r av io l e t  exc i ta t ion  spectra  may supply informat ion on unknown ioniza
t i o n  poten t ia l s .  Although these  molecules have not been thoroughly investigated 
i n  the  m a s s  spectrometer, much data  a re  avai lable  concerning t h e i r  physical  prop
e r t i es. 

D I S C U S S I O N  OF VARIOUS C O L L I S I O N S  I N  DISCHARGE 

A complete analysis  of discharge phenomena i n  the  molecular ion rocket must 
include simple molecular exc i ta t ion  and a11 possible secondary e f f e c t s  f o r  any 
molecular propellant.  Exci ta t ion of molecules, molecular ions, and a l l  types of 
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charged and n e u t r a l  fragments w i l l  have i n t e r r e l a t e d  e f f e c t s  i n  t h e  discharge. 
The previously mentioned i n t e r s t a t e  crossings (appendix B) a l s o  follow c o l l i 
s iona l  exci ta t ion and will general ly  occur before a second impact or a rad ia t ive  
t r a n s i t i o n .  In  regard t o  t h e  r a d i a t i v e  t r a n s i t i o n ,  emission of a l i g h t  quantum 
between c e r t a i n  s t a t e s  of la rge  molecules is dependent on c e r t a i n  se lec t ion  
rules .  The descr ipt ion of these  emission phenomena i s  exceedingly complicated 
even i n  diatomic molecules (ref. 28)' and analysis  of t h e  spectra  of la rge  mole
cules is c l e a r l y  a formidable task.  This s i t u a t i o n  precludes any r e l i a b l e  pre
d ic t ion  of t h e  t o t a l  exc i ta t ion  cross sec t ion  from o p t i c a l  spectra.  

It i s  an empirical  f a c t  t h a t  f o r  high-pressure molecular gases, which a r e  
subjected t o  i r r a d i a t i o n  by high-energy charged par t ic les ,  X-rays or y-rays, 
there  i s  an energy absorption equivalent t o  32.5 e lectron v o l t s  required on the 
average t o  produce an ion p a i r  ( re f .  29 ) .  Since ionizat ion poten t ia l s  a r e  gener
a l l y  under 10 electron v o l t s  f o r  the molecules of i n t e r e s t ,  it i s  concluded t h a t  
the  remaining 20 electron v o l t s  a r e  used up i n  several  exc i ta t ions  ( re fs .  29 and 
30). This r u l e  of thumb must be applied with care t o  the  case of impacts due t o  
plasma electrons,  but  it seems f a i r l y  c e r t a i n  t h a t  there  a r e  a t  l e a s t  as many 
exc i ta t ions  as there  a r e  ionizations.  

The average energy required t o  produce an ion increases a t  lower average 
p a r t i c l e  energies because of the  increasing r a t i o  of exc i ta t ion  t o  ionization, 
and t h i s  t rend  may s e t  a lower l i m i t  on electron-vol t  per ion values. 

Col l is ion Frequencies 

The probabi l i ty  of occurrence of secondary events can be estimated through 
the cross sections f o r  co l l i s ions  of various species a f t e r  ions have been formed 
during i n i t i a l  bombardment. 

Collision frequencies vMj and vjM a r e  defined as equal t o  NjQjvMj and 

'MQ jMvj  M' respectively,  where &Mj = QjM and vM j  = vj M '  For t h e  e lectron neu
t r a l  col l is ions,  t h e  r e l a t i v e  ve loc i ty  of t h e  p a i r  i s  t h e  ve loc i ty  of t h e  elec
tron. In  e lectron-neutral  i n e l a s t i c  c o l l i s i o n  the  &eM i s  QT + &ex, where Qex 
i s  the t o t a l  molecular exc i ta t ion  cross section and QT has been defined pre
viously. This QeM accounts f o r  t o t a l  ionizat ion and exci ta t ion and is charac
t e r i s t i c a l l y  less than QiM t h e  ion-molecule c o l l i s i o n  cross section. The elec
t r o n  ve loc i ty  t o  be chosen f o r  a c o l l i s i o n  frequency calculation, however, i s  at 
l e a s t  

ve = cm/sec 

where Ep i s  the f irst  exc i ta t ion  poten t ia l  of the molecule and by def in i t ion  
has a value l e s s  than the  f i r s t  ionizat ion poten t ia l .  The lower l i m i t  t o  ve 
f o r  an i n e l a s t i c  molecKLe-electron c o l l i s i o n  i s  about 2x108 centimeters per sec

=ond with Ne = per cubic centimeter plus & e ~  square centimeter; so 
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= 10l1 2x10' = 2X105 per second. This value Of V M ~  when multi
p l i ed  by a residence time for a neut ra l  of l e s s  than second ( re f .  31) gives 
a s  many a s  200 i n e l a s t i c  co l l i s ions  per  neutral ,  some of which ce r t a in ly  r e s u l t  
i n  fragmentation. Since the  ve value i s  r a the r  high, it would seem advanta
geous t o  lower it, but  t he  ve loc i t i e s  of e lec t rons  tend t o  remain t h i s  order of 
magnitude i n  these  low-density molecular plasmas. Despite t h e  somewhat rough 
choices of values, t hese  f igures  again suggest that t h e  residence time of neu
t r a l  species i n  t h e  discharge (which hopefully became heavy ions i n  one of t h e  
i n e l a s t i c  co l l i s ions )  should be reduced if  possible.  

Ion-Molecule Col l is ion Frequencies 

The c o l l i s i o n  frequency for i n e l a s t i c  ion-neutral  and neut ra l -neut ra l  col
l i s i o n s  w i l l  be l e s s  than i n e l a s t i c  e lectron-ion and electron-neutral  events be
cause the  e lec t ron  ve loc i ty  i s  r e l a t i v e l y  high; t h a t  is, ve >> vi > VM. I n  ex
perimental plasmas, f r a c t i o n a l  ionizat ion of about 10 percent i s  commonly 
achieved so it i s  a good approximation to,  for example, Ne = N i  = 10-1ITM, where 
Ne, N i ,  and NM a re  t h e  electron, ion, and neu t r a l  number densi t ies ,  respec
t ive ly .  Pressures i n  the ioniza t ion  chamber a re  as high a s  mil l imeter  of 
mercury ( r e f .  32), and the  neu t r a l  densi ty  a t  t h a t  pressure combined with a rep
resenta t ive  ion-neutral  c o l l i s i o n  cross sect ion of 10-13 square centimeter gives 
an order of magnitude vm = 1OI2 per cubic centimeter times square cent i 

centimeters per second = 5 ~ 1 0 ~  second f o r  each ion. For ameter times 5 ~ 1 0 ~  per  

t yp ica l  ion residence time of 5x10-4 second ( r e f .  33) there  a re  2 .5  co l l i s ions .  

It appears t ha t  molecule-ion co l l i s ions  w i l l  not be important i n  the  discharge i n  

view of the  r e l a t i v e l y  la rge  me values compared with 


- N iV M i  i M  
NM 

where t h e  mean ion residence t ime is taken t o  be one-half t h a t  of t h e  neut ra l  
residence time. 

Ion-Molecule Reactions 

The consequences of c o l l i s i o n  between ions and neut ra l s  w i l l  be very e f f i 
c ien t  ion-molecule reac t ions  i n  which every sp i r a l ing  c o l l i s i o n  i s  a reaction. 
These encounters w i l l  be governed by t h e  ion-induced dipole  po ten t i a l  
cp(r) = -Ze2/2r4 where r i s  t h e  dis tance between molecule and ion, and E has 
been defined previously. The microscopic c ross  sec t ion  for ion-molecule reac
t i o n s  can be  wr i t ten  as 

where q i s  t h e  un i t  e l ec t ron  charge, M is the  reduced mass, and v m  i s  the  
r e l a t i v e  ve loc i ty  of t h e  ion-molecule pa i r .  Large p o l a r i z a b i l i t i e s  a t  r e l a t i v e l y  
l o w  ve loc i t i e s  mean la rge  react ion cross  Sections, for example, & i M  > lo3 square 
angstrijms = 10-13 square centimeter (ref. 34). These reac t ions  could a f f e c t  t h e  
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escape r a t e  of primary and secondary ions. The ion ic  mobili ty i n  an e f f ec t ive  
f i e l d  i s  inversely dependent on Qd, t he  d i f fus ion  cross  sectirii,  which i s  essen
t i a l l y  the  macroscopic average of QiM over t h e  ve loc i ty  d i s t r ibu t ion  (ref .  3 5 ) .  
Diffusion i s  a volume process only s l i g h t l y  a f fec ted  by penetration of t h e  ac
ce le ra t ing  f i e l d  i n t o  t h e  ion chamber. This f i e l d  withdraws ions from a small 
volume near t he  discharge screen ( re f .  32).  E l a s t i c  co l l i s ions  of e lec t rons  wi th  
both ions  and molecules a r e  of concern i n  one aspect.  The ions s c a t t e r  e lec t rons  
over a sphere of Debye radius, and these coulombic encounters determine the  
plasma conductivity a t  these  low pressures. 

Electron-Ion Recombination 

Certain co l l i s ions  between electrons and ions w i l l  r e s u l t  i n  mutual charge 
neut ra l iza t ion  r a the r  than fu r the r  ionizat ion o r  exci ta t ion.  

The magnitude of recombination can be assessed f i rs t  by disregarding pure 
+rad ia t ive  recombination I@e- +M' + (hw/2~c) (ref. 36), where w i s  the  f r e 

quency of the emitted l i g h t  i n  radians per second and h i s  the  PLanck constant. 
It i s  shown i n  reference 35 t h a t  t he  main recombination mechanism i s  
M+ + e- + e- + M r  + e'. This equation describes an event wherein one f r e e  elec
t ron  gives up most of i t s  k ine t i c  energy t o  another electron, and the  r e su l t i ng  
slow electron i s  captured i n t o  some exci ted e l ec t ron ic  l e v e l  of the  molecule 
without emission. Dissociative recombination, whereby the  molecular ion breaks 
up as it captures an electron, i s  a probable va r i a t ion  of the  recombination mech
anism but need not be discussed separately.  An expression has been derived i n  
reference 36 f o r  the  recombination coeff ic ient  y of a proton-electron plasma 
as a function of e lec t ron  temperature and e lec t ron  ( ion)  number density i n  the  
range Ne = 109 t o  p a r t i c l e s  per centimeter. If the recombination coef f i 
c ien t  y i s  10-10cubic centimeter per second f o r  the  highly ionized, r e l a t i v e l y  
low pressure gas, t he  recombination r a t e  

for a 1-electron-volt  plasma ( r e f .  6),  which corresponds t o  a temperature Te of 
11,6000 K. The associated frequency f ac to r  for recombination i s  

Electron temperatures w i l l  undoubtedly be lower for these molecular plasmas than 
for the  mercury discharges because of addi t iona l  energy sinks i n  v ibra t iona l  and 
ro t a t iona l  degrees of freedom and closely arranged e lec t ronic  s t a t e s .  The y 
value f o r  heavy molecular ions m a y  be very la rge  and might give a recombination 
r a t e  la rger  than t h e  ionizat ion ra te ,  and consequently it may be d i f f i c u l t  t o  
sus ta in  a discharge. 
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It should be noted t h a t  t h e  slow or low-velocity e lectrons may have a Max: 
wellian energy d i s t r i b u t i o n  around a temperature Te of at most severa l  vo l t s ,  
although t h e  ionizing vol tage AVI f o r  operation may be from 20 t o  75 vo l t s .  

PRlMARY I O N  SPECTRUM W H  SAMPLE PROPELLANT RECOMBINATION PRODUCTS 

The i n i t i a l  d i s t r i b u t i o n  of molecular ions and recombination react  ions of 
these ions determine t h e  state of t h e  plasma period t o  t h e  occurrence of sec
ondary impacts. 

The primary ion spectrum f o r  anthracene i s  given i n  t a b l e  I1 (ref .  16 ) .  The 
electron energy i s  higher than what would be used i n  an electron-bombardment 
th rus to r  and undoubtedly produces more fragmentation. From these data, probable 
secondary recombination processes can be deduced f o r  i on ic  species excluding 
electron impact ( t a b l e  111). Nevertheless, these two tables ,  combined with neu
t r a l  fragment bombardment data, should furn ish  some general  background f o r  a 
sample survey of discharge phenomena i n  a hypothet ical  ion source where a l l m o 
l ecu la r  e n t i t i e s  suf fe r  an average of only one co l l i s ion  with electrons and none 
with ions. It should be noted t h a t  the  discharge phenomena are  qui te  complicated 
and t h a t  processes as ide from electron impact give r i s e  t o  new products t h a t  only 
serve t o  make treatment of t he  system more d i f f i c u l t .  The de ta i led  e f f e c t s  of 
a l l  secondary processes, which have been outlined, must be included for the  com
ple te  descr ipt ion of t he  plasma and the  desired estimate of ion beam composition 
( i . e . ,  M/q value) .  P r i m a r y  ions  t h a t  leave the  discharge and recombine prefer
e n t i a l l y  with slow electrons have a high probabi l i ty  of dissociating, giving r i s e  
t o  two or more neu t r a l  fragments ( r e f .  37 ) .  Negative ion s t a t e s  of t he  molecule 
have been disregarded throughout t he  study, although the  presence of halogens i n  
molecular systems m a y  render t h a t  approximation inva l id  (ref.  38). Some inves t i 
gators  have reported negative ion concentration of atomic halogen of the order of 
pos i t ive  ion concentrations i n  discharge columns (ref. 39) .  Free r ad ica l s  w i l l  
be the  predominant neut ra l  fragment products of d i ssoc ia t ive  recombination. All 
these e n t i t i e s  can suf fer  i n e l a s t i c  co l l i s ions  with electrons i n  t r a n s i t .  Reac
t ions  between molecular ions and molecules a r e  a l s o  ignored i n  t h e  construction 
of t a b l e  11. These react ions w i l l  produce an e n t i r e  spectrum of secondary ion 
products . 

CONCLUDING REMARKS 

Extensive fundamental experimentation is c l ea r ly  required f o r  any under
standing of t h e  ionizat ion chamber processes i n  heavy-molecule th rus to r  systems. 
Large polyring aromatic compounds, or smaller halogenated derivatives,  should ex
h i b i t  t h e  most des i rab le  molecular cha rac t e r i s t i c s  of known compounds as heavy-
molecule propel lants ,  Minimum fragmentation should occur i n  t h e  ion source f o r  
these  species.  The p o s s i b i l i t y  of preparation of new compounds with exot ic  bond
ing has not yet been scru t in ized  t o  any extent.  Residence t i m e s  of a l l  species 
i n  t h e  discharge throughout bombardment are t h e  most c r i t i c a l  parameters i n  t h e  
determination of ion beam composition and may a f f e c t  t h e  design of the  ion 
source. For example, t h e  e lec t ron  bombardment source as conventionally designed 
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( r e f .  2 )  has ion residence times t h a t  a r e  long enough f o r  s ign i f i can t  fragmenta
t i o n  of even an "ideal" propel lant  t o  occur. Reduction of t hese  residence t i m e s  
tends t o  favor  e f f i c i e n t  production of heavy ion beams. 

Lewis Research Center 
National Aeronautics and Space Administrat ion 

Cleveland, Ohio, September 18, 1963 
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APPENDIX A 


SYMBOLS 


C r j  

D 

E 

Ee 

ED 

*J 

EO 

Ep 
H 


Hrr 
Hrs 

h 

h l  

Lm 
IS 

K 


k 


kl 


M 


me 

Ne 

N i  

coef f ic ien t  of rth atomic o r b i t a l  i n  jth molecular o r b i t a l  


representat ive atomic dimension 


t o t a l  energy of molecular system, ev 


e lec t ronic  bombardment energy, ev 


molecular bond d issoc ia t ion  energy, ev 


calculated quantum-mechanical energy f o r  molecular ground stat e 


a c t u a l  ground-state energy of molecule, ev 


first molecular exc i ta t ion  potent ia l ,  ev 


Hamiltonian t o t  a 1  energy operat or 


coulombic energy i n t e g r a l  of the  rth atomic o r b i t a l  


resonance energy in t eg ra l  between rth and sth atomic o r b i t a l s  


Planck constant, 4.I X ~ O - ~ ~ 
(ev)  ( sec)  

adjustment f a c t  or f o r  het eroat omic coulombic energy 

minimum ioniza t ion  poten t ia l ,  ev 

s p e c i f i c  impulse, sec 

k ine t i c  energy, ev 

Boltzmann constant, 9. W10e5 (ev)/(molecule) (OK) 

adjustment f a c t o r  f o r  he t e roa tmic  resonance energy 

molecular m a s s  

e lec t ronic  m a s s  

e lec t ron  number density,  particles/cm3 

ion number dens i ty  ( N ~ ) ,  particles/cm 3 
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Nj 

NM 


NO 

n 

no0 

QeM 

Qex 

Qi 

Q i m  

QT 

number dens i ty  of jth species, particles/cm 3 

neu t r a l  number density, particles/cm3 

Avogardro number, 6 . 0 2 3 ~ 1 0 ~ ~molecules, (g-mole)" 

number of fl-electrons 

index of r e f r a c t  ion at i n f i n i t e  wavelength 

electron-molecule co l l i s ion  cross sect ion (same as Q M ~ ) ,  cm2 

t o t a l  molecular exc i ta t ion  cross section, cm2 

cross sec t ion  for formation of pa r t i cu la r  ionic  species, cm2 

ion-molecule co l l i s ion  cross sect ion (same as si),cm2 

t o t a l  ionizat ion cross section, cm2 

&Mj, & j M  
co l l i s ion  cross sect ion of molecule with jth species, cm2 

q uni t  of e lec t ronic  charge, 4.8X10'10 esu 

R interatomic dis tance 

Rrec recombinat ion rat e 

Srs overlap in t eg ra l  between atomic o r b i t a l s  r and s 

T absolute temperature, OK 

Te e lec t ron  temperature, ev 

V potent i a l  energy, ev 

VI accelerat ing voltage 

OVI anode-cathode po ten t i a l  difference; e f fec t ive  ionizing v o l t  age 

v v ib ra t iona l  quantum number 

ve ve loc i ty  of incident electron, cm/sec 

veM equal t o  e lectron velocity,  cm/sec 

v ve loc i ty  of j t h  species r e l a t i v e  t o  neut ra l  molecule, cm/sec 
j M  

v ve loc i ty  of neut ra l  molecule re la t ive t o  jth species taken equal t o  
M j  vjM, cm/sec 

26 



a 


-
a 


a1 


PO 

P r s  

p 1  

Y 


viM 


j M  

VM e  

VM i  

1,

M j  
d7 


*a 

*b 

*f 


*i 

*v 


molecular po lar izabi l i ty ,  cm3 

mean molecular po lar izabi l i ty ,  cm3 

coulombic in t eg ra l  f o r  carbon 2p atomic o r b i t a l  

coulombic in t eg ra l  f o r  rth atomic o r b i t a l  

coulombic in t eg ra l  f o r  subs t i tu ted  atomic o r b i t a l  

resonance in t eg ra l  between carbon 2p atomic o r b i t a l s  

resonance in t eg ra l  between atomic o r b i t a l s  r and s 

resonance i n t e g r a l  between carbon 2p atomic o r b i t a l  and subs t i tu ted  
atomic orbita1 

recombination coef f ic ien t ,  cm3/see 

co l l i s ion  frequency of ion w i t h  molecules, s ec - l  


co l l i s ion  frequency of jth species with molecules, sec'l 


co l l i s ion  frequency of molecule with electrons,  sec- l  


co l l i s ion  frequency of molecule with ion, sec-' 


co l l i s ion  frequency of molecule with jth species, s ec - l  


volume element f o r  e lec t ron  


cha rac t e r i s t i c  time 


ion molecule po ten t i a l  function 


wave function of rth atomic o r b i t a l  


wave function of sth atomic o r b i t a l  


t o t a l  molecular wave function 


f i n a l - s t a t e  molecular wave function of state a (vibronic) 


f i n a l - s t a t e  molecular wave function of s ta te  b (vibronic) 


f ina l - s t  at e molecular wave function 


i n i t  ial-state molecular wave function 


v ib ra t iona l  wave funct ion 
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APPENDIX B 

DESCRIPTION OF MOMCULAR ENERGY STATES 

To discuss  t h e  problem of fragmentation of molecules by impact, it i s  f i rs t  
necessary t o  describe t h e  arrangement of t he  var ious molecular energy s t a t e s .  

Electronic  S ta t e s  of Molecules 

Since many d i f f e r e n t  e lec t rons  i n  polyatomic molecules have s imi la r  exci ta
t i o n  energies, t he re  i s  a vast  number of densely y e t  d i sc re t e ly  arranged elec
t ron ic  energy l e v e l s  extending from very near t h e  molecular ground s t a t e  t o  i t s  
ionizat ion continuum. Singly and doubly charged ions of t he  parent molecule 
have l e v e l s  similarly d i s t r ibu ted  above t h e i r  lowest energy s t a t e s .  The ground-
s t a t e  l e v e l s  of these  ions correspond t o  one and two e lec t rons  removed f r o m t h e  
parent molecule with a l l  o ther  e lec t rons  remaining i n  the  lowest, most s t rongly 
bound leve ls .  

Vibrat ional  and Rotat ional  S t a t e s  

Each e l ec t ron ic  l e v e l  has groups of associated nuclear v ib ra t iona l  and ro
t a t i o n a l  leve ls .  The cha rac t e r i s t i c  ranges of spacings between adjacent vibra
t i o n a l  and r o t a t i o n a l  states are  approximately 0 .1  t o  lom2and lom2 t o  lom4elec
t ron  v o l t ,  respec t ive ly  ( r e f .  11). Molecular r o t a t i o n a l  l eve l s  w i l l  therefore  be 
ignored i n  t h e  following discussion, but v ib ra t iona l  l eve l s  are s ign i f i can t  f o r  
estimation of molecular d i ssoc ia t ion  accompanying ionizing e lec t ron  impact. 

Potential-Energy Curves f o r  Diatomic Molecules 

The important fragmentation process i n  polyatomic molecular d i ssoc ia t ion  ac
companying impact can occur i n  a r a the r  complex fashion. However, before dis
cussing ion iza t ion  and fragmentation i n  polyatomic molecules, it i s  we l l  t o  il
l u s t r a t e  the d e t a i l s  of such phenomena i n  the  simpler diatomic molecules and then 
proceed t o  the  more complex systems. A potential-energy curve conveniently de
scr ibes  the  binding between two atoms t h a t  a r e  brought together t o  form a dia
tomic molecule. This curve i s  a p lo t  of t h e  po ten t i a l  energy of the  in t e rac t ing  
pa i r  over a range of interatomic dis tances  R. The zero of energy i s  chosen a s  
t h a t  of t he  d issoc ia ted  atoms, t h a t  is, t he  atomic pa i r  a t  i n f i n i t e  separation. 
Sketch ( f )  demonstrates t he  general  form of t h e  p l o t  f o r  formation of AB, a 
molecule with a s t ab le  bond. Quantized v ib ra t iona l  l e v e l s  a r e  denoted by v = 0, 
v = 1, . . . , w i t h  t h e  molecule behaving as an anharmonic osc i l l a to r .  The Born-
Oppenheimer approximation assumes t h a t  e l ec t ron ic  o r b i t a l  motion i s  so f a s t  t h a t  
t he  e lec t ronic  s t a t e s  a re  unaffected by the  nuclear motions associated with nu
c l ea r  vibrat ions.  The nuclear and e lec t ronic  motions can then be separated i n  a 
wave mechanical treatment,  and the  energy i n  t h e  curve f o r  E against  R be
comes e s s e n t i a l l y  t h e  e l ec t ron ic  energy plus  the  repuls ive nuclear term ( r e f .  7 ) .
The e lec t ronic  energy i s  the  sum of the  e l ec t ron ic  k i n e t i c  energy, t he  a t t r a c t i v e  
nuclear-electron p o t e n t i a l  energy, and t h e  electron-electron repulsion. The for
mation of a deep potential-energy wel l  permits e f f ec t ive  molecular bonding 
( r e f .  10). The complete energy function E governs the  r e l a t i v e  motion of t he  
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Interatomic distance, R

( f )  General form of potent ia l -
energy curve f o r  a diatomic 
molecule . 

atomic nucle i n  t h e  molecule and can be used t o  calcula-e t h e  extent  o t h e i r  
v ibra t ion  as an osc i l l a to r .  

Molecular Binding i n  Simple Diatomics 

With t h e  potential-energy curve introduced, it is  possible  t o  discuss qual
i t a t i v e l y  what happens when two atoms come together  t o  form a molecule. When 
t h e  atoms are at l a rge  separations, t he re  i s  no interact ion;  but, as they  ap
proach each other, t h e  po ten t i a l  energy of t h e  nuclei  and electrons f i r s t  de
creases t o  a minimum. This minimum of po ten t i a l  for t h e  nuclei  i s  t h e  most 
s t a b l e  configuration of t h e  atomic pa i r .  A s  t hey  come s t i l l  c loser  together,  
t h e  in te rac t ing  e lec t ron  clouds r epe l  each other t o  such a degree tha t  t h e  
energy r i s e s  steeply.  

There may  be no binding whatsoever f o r  ce r t a in  e l ec t ron ic  arrangements of a 
diatomic system. I n  t h a t  case t h e  energy w i l l  merely increase monotonically w i t h  
decreasing R, as shown for t he  unpaired e lec t ronic  ground s t a t e  of H 2 ( 3 G )  i n  
sketch (g) ( r e f .  11). Absence of e lec t ron  pair ing,  t h a t  is ,  the  presence of 

Interatomic distance,  R

( g )  Repulsive t r i p l e t  state 
f o r  hybogen molecule. 
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p a r a l l e l  e lec t ron  spins, enhances the  repuls ion of the  atomic p a i r  and precludes 
molecular s t a b i l i t y .  Wave-mechanical methods of describing bonding l ead  t o  more 
precise  in t e rp re t a t ions  of the  chemical bond ( r e f .  lo), but  such de ta i l ed  t r e a t 
ment i s  not warranted f o r  the  purposes of t h i s  inves t iga t ion .  
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APPENDIX C 

MECHANISM OF ELECTRON IMPACT ON MOj2XXLFS 

Exci ta t ion of Vibration and Rotation by Electron Impact 

The nature of the  in t e rac t ion  between the free e lec t rons  and the bonding 
e lec t rons  determines t h e  consequences of t h e  co l l i s ion .  An incident  e lec t ron  
d is turbs  the  po ten t i a l  of t he  paired e lec t rons  i n  t h e  diatomic bonds, and the  ex
t e n t  t o  which the  interatomic bonding i s  weakened or even destroyed i s  determined 
by the  extent  t o  which the nuclear pos i t ions  a re  perturbed. Purely v ib ra t iona l  
and/or r o t a t i o n a l  t r ans i t i ons ,  which occur under impact, result i n  small inelas
t i c  energg lo s ses  no l a r g e r  than  t h e  order of t h e  average spacings between adja
cent l eve l s  (i.e., from 10-1 t o  ev, (ref. 1 9 ) )  and a r e  not considered impor
t a n t  f o r  producing d i8 sociation. 

Molecular Ionizat ion and Exci ta t ion 

It is  c l ea r  t h a t  t r a n s f e r  of k i n e t i c  energy of t h e  free e lec t ron  t o  elec
t r o n i c  energy of t he  molecule i s  t h e  only s ign i f i can t  source of molecular frag
menta tion. 

I n  the  s ingle  ion iza t ion  process, one e lec t ron  receives su f f i c i en t  energy t o  
be completely removed f r o m t h e  a t t r a c t i v e  f i e l d  of a molecule. This event can be 
accompanied by e lec t ronic  exc i ta t ion .  Potential-energy curves can be drawn t o  
ind ica te  the  posi t ion and form of t h e  exci ted s t a t e s  of molecules and molecular 
ions. The ground s t a t e  of t h e  molecular ion i s  located above t h e  corresponding 
neut ra l  molecule l e v e l  by an energy roughly equal t o  the  minimum ioniza t ion  PO
t e n t i a l  I,, which i s  t h e  l e a s t  amount of energy required t o  remove an e lec t ron  
from the  molecule. A possible  arrangement of t h e  two l e v e l s  i s  pictured i n  
sketch ( h ) .  

Impact Process and Franck-Condon Principle  

With t h e  general  arrangements of t h e  states of t h e  molecule and ion  already 
outlined, t h e  manner i n  which t r a n s f e r  between d i sc re t e  s t a t e s  takes  place can 
be discussed. 

The ionizing and/or exc i t ing  e lec t ron  spends a cha rac t e r i s t i c  time i n  t h e  
region of t he  molecular f i e l d .  This time, zc, i s  of t h e  order  of D/ve, where D 
i s  a representat ive atomic dimension and ve is  t h e  ve loc i ty  of t h e  impinging 
electron. A t y p i c a l  value f o r  D/ve i s  second. Since t h e  i n t e r v a l  i n  
which the  e lec t ronic  t r a n s i t i o n  is accomplished is much shor te r  than the  period 
of nuclear v ibra t ion  ( > l O - 1 4  sec) ,  a semic lass ica l  argument can be proposed f o r  
neglecting nuclear motion during t h e  e lec t ron ' s  "quantum jump. I' The bound elec
t r o n i c  motion remains separable from t h e  nuclear motion despi te  t h e  temporary 
presence of ex terna l  forces  ac t ing  on t h e  e n t i r e  molecule. This hypothesis is 
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a l o g i c a l  extension of t h e  previously mentioned Born-Oppenheimer approximation, 
and, i n  quantum-mechanical form, it is known as t h e  Franck-Condon pr inciple .  In  
terms of t h e  potential-energy curves, t h i s  concept, when va l id ly  applied, s t a t e s  
that changes i n  e l ec t ron ic  energy a r e  "ve r t i ca l "  t r a n s i t i o n s  t h a t  t ake  place 
with t h e  nuclei  at f ixed  posi t ions ( r e f s .  8 and 1 9 ) .  The Franck-Condon region, 
here denoted by t h e  v e r t i c a l  dashed l i n e s  i n  sketch (h) ,  def ines  t h e  l i m i t  of 
e lec t ronic  and v ib ra t iona l  levels ,  which a r e  access ib le  i n  impact t o  a molecule 
i n  its ground s t a t e .  This concept can be p ro f i t ab ly  employed t o  descr ibe ion
iza t ion  consequences if t h e  d e t a i l s  of t h e  curves f o r  V against  R a r e  w e l l  
known f o r  t h e  two s t a t e s  involved. The probabi l i ty  of making ce r t a in  t r a n s i t i o n s  
above t h e  ground s t a t e  is, of course, a funct ion of t h e  amount of k ine t i c  energy 
possessed by t h e  incident e lec t ron  and t h e  "coupling" between t h e  ground s t a t e  
and t h e  s t a t e  i n  question. The potential-energy curves f o r  d i f fe ren t  e lec t ronic  
s t a t e s  can cross each other, and these  i n t e r s t a t e  crossings permit rapid t r a n s i 
t i o n s  t h a t  follow t h e  v e r t i c a l  t r a n s i t i o n s  and may severely complicate any pre
d ic t ion  of ul t imate  impact consequences. 

S t ruc ture  of Polyatomic Energy S ta t e s  

Unfortunately, t h e  behavior of la rge  molecules under impact cannot be d i s 
cussed i n  an exp l i c i t  fashion as can t h e  behavior of diatomic species.  

The e lec t ronic  s t a t e s  of polyatomic molecules a r e  most exactly described by 
multidimensional potential-energy hypersurfaces r a the r  than t h e  two-dimensional 
p l o t s  of V against  R ( r e f .  11). These surfaces  may have many possible  mini
mums, each resembling t h e  po ten t i a l  w e l l  of sketch (a), and intertwine i n  a m y r 
iad of in te rsur face  cuts .  These surfaces  general ly  cannot be constructed. In  
fact ,  t h e i r  s t ruc tu re  can only be reasonably approximated f o r  molecules with not 
over four or f i v e  atoms and with few electrons.  Such a ca lcu la t ion  m u s t  contend 
with t h e  quantum-mechanical problem of t r e a t i n g  a many-electron system. However, 
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an I f  effective’’ potential-energy c m e  can be handily employed t o  enumerate qual.
i t a t i v e l y  the  possible consequences of t he  e lec t ron  bombardment of a polyatomic 
molecule. 

Dissociation of Polyatomic Molecules Under Impact 

There a re  numerous consequences possible upon impact of polyatomic mole
cules; sketch (i)i l l u s t r a t e s  t h e  r e l a t i v e  pos i t ions  of two ionic  s t a t e s  t h a t  can 

Interatomic distance,  R 
(i)Franck-Condon region in

cluding s t a t e s  of s ing ly  
and doubly charged molecu
l a r  ions. 

be reached i n  an i n e l a s t i c  co l l i s ion .  

One c l a s s  of asymptote i n  sketch (i)is designated as P+ + F, where P+ 
i s  a primary ion and F is  a neu t r a l  fragment. Another c l a s s  is  designated
Pf + P+’ corresponding t o  d issoc ia t ion  of a doualy charged ion in to  two s ingly  
charged en t i t i e s ,  one of which, Pf’, i s  e l ec t ron ica l ly  excited.  The probabi l i ty  
of any d issoc ia t ion  accompanying or following ionizat ion is  na tu ra l ly  dependent 
on t h e  manner i n  which complex t r a n s i t i o n s  occur among a l l  e lec t ronic  states. 
These t r a n s i t i o n s  a r e  p a r t i c u l a r l y  l i k e l y  i n  t h e  region of high state density, 
at least severa l  v o l t s  above t h e  ground l e v e l  of t h e  molecular ion. Such changes 
of s t a t e  i n  a molecular system may take  place i n  a cha rac t e r i s t i c  time of t h e  
order of nuclear vibrat ion,  that is, Z10-14 second ( r e f .  40). Thus, many in t e r 
s t a t e  crossings can be  rea l ized  before t h e  ion suffers  an addi t iona l  co l l i s ion  
with f r e e  e lectrons i n  t h e  plasma, which may t ake  place i n  about 10-6 t o  
second. Res t r ic t ions  on t h e  crossings between e lec t ronic  s t a t e s  are derived 
from Wigner’s rules f o r  allowed quantum number changes f o r  a change i n  e lec t ronic  
sp in  or angular momentum (ref. 40). 
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APPENDIX D 

QUANTUM-MECHANICAL METHOD FOR CALCULATION OF AROMATIC STABILITY 

Quantum-mechanical techniques can be r e a d i l y  employed t o  ca lcu la te  t h e  sta
b i l i t y  of p a r t i c u l a r  aromatic molecules and t h e i r  respect ive parent ions. 

Sinc.e fl-electrons roam throughout t h e  r ing  s t ructure ,  it seems reasonable t o  
construct a molecular wave function f o r  the ' en t i re  molecule from some arrangement 
of the electrons on individual  atoms. This approach i s  ca l led  the Hiiickel molec
ular o r b i t a l  method, and i n  one spec ia l  form it u t i l i z e s  a t o t a l  wave function 
t h a t  i s  a l i n e a r  combination of atomic o r b i t a l s  ( r e f .  41) .  The so-called reso
nance i n t e g r a l  PrS and familiar coulombic i n t e g r a l  arr (where r and s a r e  
atomic o r b i t a l s  f o r  spec i f ic  atoms) a r e  t h e  q u a n t i t i e s  of importance i n  t h e  
energy'expression f o r  such a simplified quantum-mechanical solution. The %r 
gives the approximate energy of an electron i n  a 2p atomic o r b i t a l ,  while the 
Prs represents  the  in te rac t ion  energy of two adjacent atomic o r b i t a l s .  They can 
be wr i t ten  i n  the  following fashion: 

where r and s specify the  atomic orb i ta l s ,  and d T  i s  the volume element f o r  
the  electrons.  The Hamiltonian operator H is  e s e n t i a l l y  a 1-electron operator, 
and each molecular wave function i s  of the form 

where cjr  i s  the  coeff ic ient  of the rth atomic o r b i t a l  i n  the jth molecular 
orb i ta l .  Solution f o r  energy l e v e l s  of the system i s  effected through the  use of 
the  quantum-me chani c a l  variatTonal principle,  which sta te s: 

2where Ej i s  the  calculated energy value, Eo i s  the t r u e  energy value, and $j  
i s  a normalization factor .  
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A compound of i n t e r e s t  i s  e s sen t i a l ly  t r e a t e d  as a s e t  of double bonds, each 
of which contributes a 7c-enera of 2Prs t o  t h e  calculated t o t a l  energy E j .  
Some idea of predicted stabil i ty for the  polysubst i tuted halogenated aromatics 
can be gotten by solut ion of a secular expression accounting f o r  t he  %r and 
Prs changes due t o  a l l  r i n g  subst i tut ions.  Solution of t he  polynomial expres
sion f o r  promising compounds i s  complicated by the  presence of d i ss imi la r  terms 
because of the halogen t h a t  provides e lectrons t o  t h e  carbon edif ice .  The halo
gen atom w i l l  e f f ec t ive ly  a c t  as a po ten t i a l  we l l  a t  i t s  s i t e  on the  carbon r i n g  
and consequently r e s t r i c t  t he  mobile e lectron flow thus  changing the  delocaliza
t i o n  energy. 

This approach assumes t h a t  throughout there  i s  no 7c-electron repulsion, a 
pos tu la te  that becomes less of a good approximation as t h e  number of r ings i n  t h e  
molecule increases. It is a l s o  convenient t o  consider o r b i t a l  in te rac t ion  only 
between nearest  neighbor atoms so that a l l  other  P values are zero. I n  addi
t ion,  the  overlap i n t e g r a l s  Srs = f (preps dz are  ignored. The proven value of 
t he  theory i n  predict ing molecular spectra  and dipole moments ind ica tes  t h a t  
these approximations m a y  not be too dras t ic .  

The E j  function i n  the  secular expression i s  minimized with respect t o  t h e  
o r b i t a l  coef f ic ien ts  aEj/acjr = 0 t o  obtain a value nearest  the  t r u e  energy. 
Since the  minimization i s  performed with each coef f ic ien t ,  n equations f o r  m 
atoms are  obtained, and t h i s  s e t  has a non t r iv i a l  so lu t ion  only i f  the  corre
sponding secular determinant A r s  vanishes ( r e f .  1 7 ) :  

all - E P12 '13 . . .  Pl, 

P 2 l  a22 - E p23 . . .  P2n 

%s = P 3 1  32 a33 - E . . .  P3n = O  

The resu l t ing  polynomial equation has n r e a l  roo t s  of the  form 

r 1 


i n  terms of t he  coulombic i n t e g r a l  and a f r a c t i o n  m j  of the  resonance in tegra l .  
The quantity prs i s  negative, thereby lowering t h e  energy l e v e l  and increasing 
stability. Roots of t h e  polynomial equation w i t h  values l e s s  than those due t o  
% represent bound e lec t ronic  energy l eve l s  wi th  lower values than those of t h e  
i so l a t ed  atoms. 
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I n  order t o  account for t h e  presence of halogens on t h e  aromatic rings,  t h e  
and~ 4 . ~  PrS f o r  t h e  bonds involving t h e  halogen with carbon atoms must be as

signed values i n  terms of t h e  difference between t h e  new atom and carbon. The 
following formulas can be employed: 

where kl and h l  a r e  computed from comparison of t h e  halogen atoms with carbon 
and al and P1 a re  t h e  coulombic and resonance in t eg ra l s  f o r  carbon with the  
halogen atom of i n t e r e s t  (ref. 42). Values of kl and hl have been suggested 
f o r  bromine i n  t h e  literature, but proper values f o r  iodine must be obtained from 
extrapolat ion of t rends  i n  k and h given f o r  the other  members of t h e  halogen 
family. The k and h values taken f o r  bromine are 0.30 and 1.5; for iodine, 
t hey  are 0.25 and 1.3 (refs. 1 7  and 42). W i t h  t he se  values known, calculat ions 
of t h e  reduction i n  energy l e v e l s  and r e l a t i v e  s t a b i l i t y  can be made f o r  t h e s e  
halogenated aromatics. 
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TABLE I. - DELOCALIZATION ENERGIES O F  SOME AROMATIC HYDROCARBONS 


[l ev = 23.06 kcal/mole. ] 

Hydro carbon 

I---+
IBenzene 

Naphthalene 

Anthracene 

Phenanthrene 

Tetracene 

Q-rene 

40 

Molecular Empirical 
o r b i t a l  de- resonance 
loca l iza t ion  energy, 

energy, kcal/mole 

~~~ 

I 2.000 36.0 
~~ 

3.683 61.0 ''eo 


~ ~ 

Delocalizatior Ring 
energy per s t ruc ture  
fi- e l ec tron, 

kcal/ele c t ron 

- =36*0 6.0

6 


10 - 6.10 

~~ 

83.55.314 83.5 -14 = 5.96 

5.448 91.3 


~~ 

-6.932 110.0 11.0 
= 6.8716 

~. 

6.506 108.9 


~ ~~ 



TABLE 11.- MASS SPECTRA OF ANTHRACENE FOR 70-VOLT ELECTRONS 

[Total  r e l a t i v e  abundance of fragments plus ions i s  404.0. 
-,I@ + F, where i s  the  parent ion, I@ i s  any 

secondary ion, and F i s  the  r e l a t e d  fragment. M ( P )  
P++. 1f o r  M/q = 89 is due t o  

Mass t o  Relat ive Mass t o  Relative Mass t o  Relative 
charge abundance charge abundance charge abundance 
r a t io ,  of ion  r a t i o  of' ion r a t i o ,  of ion 

M/q M/q M/q 

---36 --- 74.5 102 1.0 
37 --- 75 4.9 125 . 7  
37.5 75.5 . 9  1 26 1 . 9  
38 0 . 7  --- 76 13.2 127 . 9  
38.5 76.5 1.5 128 1 . 2  

39 3.9 --- 77 1.6 1 29 ---
49 
50 4.2 

78 
79 

.5 --- 139 
149 

1 . 4  
1 . 2  

51 3.5 8 6  1.8 150 4.8 
52 . 9  8 7  3.1 151 7.4 

6 1  1 . 2  87 .5  1.1 152 7.6 
62 3.3 88 9 . 4  153 ---
63 5.5 --- 88.5 2.0 1 7 4  1 . 4  
63.5 8 9  15 .6  1 7 5  2.6 
64 . 6  98 1.8 176 14.8 

64.5 
7 3  

---
--- 99 

100 
1 . 9  
1.8 

177 
178 

6.0 
100.0 

74 2.8 101 2.5  179 14 .5  
180 1.2 

. -~~ 

Sum of r e l a t i v e  abundances of ions = 259.8 
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TABLE 111. - POSSIBLE NEUTRALIZATION PRODUCTS 

OF 1 2  MOST A l 3 U " T  SPEClES IN PRIMARY 

ION SPECTRA OF ANTHRACENE 

[Dissociation recombination products are open 
to speculation.] 

- .. . 

Ion 8 Neutralized 

product 


e'
-CnHn 

-c14$ '14'8 
~ . 

e' 

e' 


% 2 $ i  -'12'8 

c12% C12H6 

c7$i -e C7H4 

H++ 2e' 
1 2  8 -c12H8 

Relativ 

abundan 


100.0 


15.7 

6.0 

1 4 . 8  

7 . 6  

7 . 4  

4.8 

1 5 . 6  

9 . 4  

1 3 . 2  

5.5 
. 

4.9 

Fragment 
( accompanying
ion formation) 

None 


Miscellaneous 
(Heavy m o l .  wt 

.-. 

H 


H2 

. .. 

C2H3 

C2H4 

None 


C7H6 

'8'7 
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